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The dissertation focuses on the interpretation and evduation of pump and tracer tests 
fiom a heterogeneous unconfined asuifer in Col~mbus, Mississippi, USA. A prominent 
feaîure of the quïfiér is a paleochanne1 that crosses through two test sites. Key aspects relatai 
to the pumping test d y s i s  are Iarge-sale variations in the transrnissivity field, preferential 
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aquifer conditions, and positive skin effects. Analysis of field data shows a hdamentai 
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characterization of the test site, paradigms different fÎom those traditionaUy used for 
homogeneous quifers are established to guide field tests and remediation efforts in similarly 
heterogeneous fluvial aquifers. 
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Inadequate delineation of aquifer heterogeneity has signincantiy contributed to the 
hproper design and, consequently, the inadequate performance of groundwater remediation 
systems. As aquifer hydrogeologic becomes more complex, so does the difEcuity of 
effecting proper grouudwater nmediation. Fluvial asuifèrs (Le., deposited by alluvial fans, 
braided rivers, meandering nvers, andlor anastomoshg nvers) are among the most 
heterogeneous quifers and, are therefore, difficult to properly characterize, monitor, and 
remediate. 
Fluvial aquifers include abrupt lateral and verticai changes in hydraulic properties as 
a result of changing depositional environments such as channels and overbanks. As a dt, 
calculated hydraulic conductivity (K) values depend on the scale (Le., large or smail sample) 
and orientation (e.g., vertical versus horizontal) of the test; the type of test (i.e., in-smi versus 
laboratory); and the location of the test. The sensitivity of calculated K to these factors 
rnakes the measurement of K values in fluvial deposits considerably more difEcuit than in 
aquifers fomed of l e s  variable depositional enviroments such as a lacussine or near shore 
marine environments. Moreover in a fluvial aquifer, the generation of a K field fiom K data 
may be difncult because the K field is not expected to resemble a random field becaw of 
the dinerent depositional environments. 
Partly because of the cost of field work and the prudence to build on the simple to 
understand the complex, E t e d  field data are available fkom fluvial aquifers. As a result, 
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geohydrologists are in the p ~ o u s  position of extrapolating field tests and theories 
developed for homogeneous and moderateely heterogeneous asuiférs to highly heterogeneous 
quifers. Purning'~ests (ïmcluding multi-weii, single-welI, and borehole flowmeter tests) are 
potentiaiiy effective methods for measuring in-situ aquifér hydrauiic properties. However, 
ifpumping tests are to be diagnostic in fluvial aquifers, both theoretical and field studies are 
needed to addRss the problems/limitations of using conventional welf hydrauiics equations 
developed for homogeneous aquifers to characterize heterogeneous aquifers. 
1.2 SCOPE OF WORK 
The dissertation focuses on interpreting pumping and tracer test d t s  fiom two 
adjacent test sites at Columbus Air Force Base (CAFB) in Mississippi, USA The two field 
sites are designated as the 1-Ha and the MADE test sites and are part of the research facility 
created by the Tennessee Valley Authority (Young, 1991a, b; Young et al., 1995; Boggs et 
ai., 1992; Boggs et al., 1990; Rehfedt et al., 1992). The author was closely involved with 
ail field tests and was the primary geohydrologist who designed and conducted field tests 
at the 1-Ha test site- Tables 1-1 and 1.2 list some of the field tests that will be described in 
the dissertation. Because of the complexities associated with interpreting the field tests, 
numencal and analytical modeiing is perfonned to help explain concepts and just- 
conclusions. This modehg focws on simuiating pumping-test resuits in confined and 
unconfïned heterogeneous aqufers. 
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Considerable work has been performed at CAFB and this disserfation represents only 
a portion of the work Performed at CAFB. The extensive field studies at CAFB have ken  
h d e d  by numerous agencies. The author began work at CAFB in 1982 with a project 
funded by the Electric Power Research Institute. From 1982 to 1988, the author performed 
field work at the MADE site related to solute transport and macrodispersion theory. In 
1989, the author separated h m  the MADE site to mate a 1-Ha test site with fimding h m  
the US. Air Force. M e r  assembhg an exteosive field data set fiom the 1-Ha test site, 
the author began studies at the University of Waterloo in 1991. As a mident at the 
University of Waterloo, the author was employed by the Tennessee Valley Authority and 
work on an EPA project to develop and d y z e  electromagnetic borehole flowmeter tests. 
After per£orming preiimhq numencal simulations for the dissertation in 1992, the need 
for more field data related to sedimentology and positive skin effects was evident. In 1993, 
the author retuniexi to CAFB to perfonn continuous quifer coring and investigate positive 
skin effects with h d i n g  fiom the U.S. Corps of Engineers and the US. Air Force. 
Additional grant fiom the U.S. Corps of Engineers was provided to the author to help 
characterize and numericdy simulate tracer and pump tests results at CAFB in 1996. 
2 3-Day Large-Scale Aquifer Test With Q = 208 Il I L/min at MADE'S Pw2 weli 
Table 1.1 Puming Test Data h m  Coli 
3 5-Day Large-Scaie ~ ~ u i f e r  ~ e s t s  ~ i t h  a Q = 68 I G L -  - -  
1 
5-Day Puishg Large-Scale Aqwfer Tests Wïth 
Average Q = 68 Wmin at Weil 5 
8-Day Large-Scale Aquifet Tests With Q = 1 1 O 
L/min at WeU 5 
3-Day Large-Scaie Aquifer Test with Q = 62 Wmi 
at MADE'S PW1 weU 
Series of 12-hour Aquifer 
Tests at WeU 16 
a Q = 34.8 L/min 
b. Q = 11.5 L/rnin 
c. Q = 34.8 L/min(Uijection) 
d. Q = 1 1.5 L/min(iijection) 
7 Seven Small-Scale Aquifer Tests (1 hour to 3 II lhou=) 
11 10 1 Single-Weil Injection Tests at 22 Umin 
8 
9 
1 1 1 15 Single-weii Pumping Tests at rate (6 Umin to II 1 80 L/min} 
With Pumping Rates From 34 to 81 L h i n  
34-Liter Slug Tests 
2-Minute 34 L h i n  Pumping Tests 
11 12 l~orehole Flowmeter Tests at 37 weils with 22 
13 Borehole Flowmeter Tests at 21 weUs with 30 II 1 Lhin  Withdrawal 
14 Borehole Flowmeter Tests at 2 1 weUs with 15 II 1 Umin Withdrawal 
Mini-Aquifer Tests at weU cluster 38-39-40 and at 
cluster 4 1-42-43. Pump well and monitor 2 near- 
by wells. 
a. Pump near 8 L1mi.n 
b. Inject near 8 Lhin 
c. Pump near 22 L/min 
S at 5 weUs 
T at 16 wells 
S at 13 weiis 
T at 27 welîs 
S at 9 welîs 
T at 27 wek 
S at 26 weUs 
T it 27 weils 
S at 12 weils 
T at 6 weUs, S at 5 welis 
T at 6 wells, S at 5 weiis 
T at 6 weiis, S at 5 weUs 
T at 6 wek,  S at 5 weiis 
T at 35 wells 
S at 35 weIls 
- - - - -- - - 
T at 37 welis 
- - - - - - - - - 
T at 37 weils 
881 K values 
-- - - 
362-K values 
3 80 K values 
1 8 T values, 1 2 S values 
18 T values, 12 S vdues 
18 T values, 12 S values 
Table 1.2 Tracer Test Data fkom Colu 
8-hour five-spot tracer test for w e b  spaced 3.6 to 
4.6 meters apart with a 3 1 L/mh injection rate 
25-hour five-spot tracer test for w e k  spaced 3.6 to 
6.3 meters apart with a 3 8 Llmin injection rate 
Three 36-hou. doublet tracer tests conduc'ced at 3 
weil pairs with spacings of 536.7, and 6.2 meters 
with injection rates between 1 1.5 and 14.2 Wmin 
Four 70-hour doublet tracer tests conducted at 4 
weil pairs with spacings of7.3,8.9, 15.2, and 15.8 
meters with injection rates between 15.1 and 34.1 
C h i n  
One 168-hour five-spot tracer test with injection 
and pumping wells 3 1 meters apart and with 
27 monitoring wells at distances fiom 4.8 to 
3 1.1 meters fiom the injection weii with an 
injection rate of 106 L/mb 
Large-scale natural gradient tracer tests wîth 
tritium as a tracer and 350 muiaevel samplers. 
nbus AFB 
Breakibrough curves at 
4 weiis 
Breaktbrough c w e s  at 
3 weiis 
Breakthrougù curves at 
4 weUs 
- - - - - -  
Breakthrough curves at 
27 wells 
Several three-dimensional 
mapshots of the tritium 
plume dirring the nrst 
300 days of transport 
The emphasis of the dissertation is the interpretation and evaluation of pumping test 
and borehole flowmeter &ta fkom Columbus AFB. As di be shown, proper &ta analysis 
requires assimilating data sets fiom several independent sources to demonstrate the 
correctness associated with a particuiar interpretation or aaalysis. By detailing the 
characterhtion of the Columbus AFB test site, paradigms different fiom those established 
for homogeneous aquifers are established to guide field tests and remediation efforts in 
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Miv1y hetmgeneous fiwial asuifers. By example with the Columbus AFB data sets, the 
dissertation will:' 
Demonstrate the ~Ïgnificatlt effect that fIwiaI heterogeneity can have on 
multi-weU and single weii pumping test resuits; 
Develop an useM method for analmg multi-weil and single well pumping 
tests for aquifers with large-scale heterogeneity; 
Develop a methodology to assess the significance of positive skin effects; 
Develop an improved method for collecting and analyzhg borehole 
flowmeter data; 
Ident* and evaluate the effects that preferential flow paths cm have on 
solute -a in a fluvial quifer; 
Assess the potentid impact of pumping rates and test duration on calculated 
transmissivity values; 
Evaluate the feasibility of using polynornids fitted by ordinary least squares 
regession to detrend a K field in a heterogeneous fluvial aquifer; 
Demonstrate the benefits of a site-wide depositional mode1 for interpreting 
results fiom pumping tests and tracer tests; and 
Demonstrate the utility of a newly developed electromagnetic borehole 
flowmeter- 
1.4 PRESENTATION OF INFORMATION 
1.4.1 Important Issues 
Traditionai pumping test analyses involve type-curves denved for solutions to radial 
flow in homogeneous aquifers. Since the 1940's, radial flow in homogeneous aquifers has 
been the primary foundation on which geohydrologists have developed approaches for pump 
test analyses. An important discussion lacking in the pumping-test literature is that aithough 
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type-cwe matching is u d y  a reiïable criteria for estimating hydraulic parameters for 
' homogeneous aquifers, type curve matching c m  be undiable criteria for highly 
heterogeneous aquifers. 
Implicit to traditional type-curve matching is that caicdated storage and transnissive 
parameters represent effective asuifer pmperties. Among the issues requiring consideration 
when interpreting pumping test data fimm highly heterogeneous aquiférs are that: spatial 
heterogeneity in one aquifer property can significantly affect the caiculation of the effective 
value of another aquifer property; and the effective value of an aquifer property can Vary 
with both the location and the scale of the test, 
This dissertation has been structured to address the numerous issues affecthg pump- 
test interpretation at CAFB in a piecewise manner. The first several chapters toward show 
that highly heterogeneous conditions should and do exist at CAFB. The last several chapters 
dernonstrate that unless a reasonable sedimentologicai mode1 is used to guide the application 
of traditionai pump-test analyses, signincant enor can exist with calculateci values for 
effective aquifer parametea. The appendices document field methods and important field 
data. 
Nthough the dissertation's nine chapters and five appendices are interrelateci, each 
is structured to be relatively independent of the other chapterdappendices. This approach 
provides a straight-fonvard menu for dissecting and examining complex field issues and 
supports a format useful for readers who wish to read portions of the dissertation. A 
disadvantage of this approach is that some figures and text will appear more than once. 
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1.42 Chapter Overviews 
Chapter 1 introduces the dissertation's objectives, test site, and data sets. Chapter 2 
ovemiews the history and characteristics of the test sites at CAFB. Chapter 3 briefly 
describes the type of deposits associated with meande~g and braided rivers to support 
possible Sedimentological models, plausible K patterns, and efféctve m e r  parameters for 
the CAFB aquifer. Chapter 4 provides d t s  h m  borehole flowmeter tests and geologicai 
investigations to demonstrate a fiindamental connection between sedimentologicai features 
and large-scale patterns in the K field Chapters 5, 6, 7, and 8 demonstrate that 
unrepresentative and/or misleadhg aquifer parameters can result nom applications of 
traditional pumpiag test analyses to higbly heterogeneous asuifers. A key point emphasized 
in these chapters is that although pumping-test d y s e s  do not always produce representative 
estimates of effective aquifer parameters, the set ofcalcuiated hydraulic parameters contains 
useful information. The challenge in a highly heterogeneous m e r  is discovering how best 
to interpret the resuits of pump-test analyses. 
The descriptions of pumping tests data in the dissertation has been organized 
primarily according to the G e r  heterogeneity of concem. Alternative organization 
schemes couid have focwd on hydraulic tests or hydrauiic parameters of concem. To help 
direct readers to the material covered in each chapter, Table 1.3 Lsts the issues addressed in 
Chapters 4 to 8. Chapter 9 investigates the issue of the feasibility of detrendhg the K data 
sets at CAFB to produce the parameters necessary to support stochastic gromdwater theories 
based a second-order stationary K field 
Table 13 Various Issues Addressed in Chapters 4 to 8 
Chapter 
4 5 6 7 8  
II Aquifer Heterogeneity of Primary Concern 
Skin effects caused by weil installation and/or drilling 
Areal changes in the quifer K field 
Vertical changes in the aquifer K field 
II Aquirer Hydraaüc Property of Prima y Concern 
Borehole Flowmeter 
Singe-WeU RMing Test 




1.4.3 Chapter Summaries 
Listed below are bnef summaries for selected chapters. These summaries are 
provided to aid the reader in understanding where data andior results can be found. 
Chapter 2 documents the fiinding sources for the work performed at CAFB and 
provides a general description of the CAFB aquifer, the MADE test site, and the 1-Ha test 
site. 
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Chapter 3 briefly descri'bes the characteristics of meandering, braided, straight, and 
anastomosing nqer types. Because the CAFB aquifer consists of meandering and braided 
deposits, the deposits typicaiiy aSSOciafed with these two river environments are explained. 
Usefid geologicai information h m  CAFB such as soil logs, aerid photographs, and facies 
maps are briefly discussed with respect to a sedimentological mode1 for the site. 
Chapter 4 presents a borehole flowmeter testing approach suitable for CAFB dong 
with an extensive set of K values for the 1-Ha test site. Validation of the K values is 
performed with resuits fiom tracer tests and the geologicd investigation. The redts show 
a fundamental comection between sedimentological features and large-scale patterns in the 
K field Among the important hdings is that the channel lag deposits associated with a 
paleochannel represent a zone of high-K deposits that intersects both the MADE and 1-Ha 
test sites. 
Chapter 5 demonstrates that positive skui eEects significantly affect both the total 
drawdown and the distribution of flow at weUs that intersect the paieochannel. The probable 
cause of the skin effects is the mixing of low-K materiai fiom the clayey overbrnden hto 
underIying high-K coarse-grained deposits during weli installations. Various analyses of slug 
tests and pumping tests are provided to strengthen the argument for positive skin  effects and 
to demonstrate the need for careful interpretation of hydrauiic tests in highiy heterogeneous 
aquifen. An important finding is that for weiis with significant positive skùi effects, a 
representative transmissivity cm be calculated by prudent application of the Cooper-Jacob 
straight-line method. 
I I  
Chapter 6 presents several indepeadent field data sets to demonstrate that large-scde 
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transmissivity variations exist at CAFB and the location of the pumping mils greatLy affects 
the shape of drawdown curves. Data analysis suggests that the major dope changes in the 
semilog time-dmwdown plots associated with large-scak pumping tests are controlled 
primady by the trends in the aquifer transmissivity field and not by unconfïned or leaky 
aquifer conditions. Numerical simulations are presented to illustrate key relations arnong the 
location of the radius-of-influence, large-scale transmissivïty patterns, and the change in the 
semilog time-drawdown dope at the pumping weii. 
Chapter 7 expands on the redts in Chapter 6 and iliustrates that the location of the 
radius-of-influence depends not ody on thne but dso on the pumping rate at CAFB. Field 
data as well as numericdy simulated pumping test resuIts show that pumping rates can 
significantly affect the transmissivity calcdated with the Cooper-Jacob straight-line method 
At the 1-Ha test site, large-de trends in the transmissivity field were properly iderred by 
mapping the effect that pumping rate had on calculated transmissivity values. 
Chapter 8 demonstrates that significant preferential flow occurs through 
intercomected high-K deposits and open well screens at CAFB and that these flow patterns 
can be considerably different for ambient and pumping conditions. Analysis of field and 
numencaily simulated pumping-test data show that significant error can occur with storage 
parameters cdcuiated fkom type-cwe fitting when preferential ffow occm. The three 
cruciai issues that affect the enor with the calculated storage parameters are the distribution 
of high-K deposits in the entire aquifer, the distribution of Low-K deposits near the water 
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table, and the hydrauîic comections between non-adjacent high-K deposits provideci by the 
observation weil scteens- 
Chapter 9 iavestigates the feasibility and utility of calculating macrodispersivity 
parameters fiom the heterogeneous K field at CAFB. Important conclusions are that a large 
paieochannel controls the evolution of the MADE tracer plume and that for many fluvial 
aquifers where large-scale trends exist in the K field, groundwater theones based on 
sbtionary K fields have little, ifany, practical applications. 
2. OVER- OF PROJECTS AND TEST SITES AT 
COLUMBUS AFB, MISSISSIPPI 
2.1 GENERAL SITE DESCRIPTION 
Since 1982, the Tennessee Vailey Authority (TVA) has been leasing 25 hectares in 
the northeastern corner of CAFB fiom the United States Air Force. The leased area 
originaily containeci no known groundwater con*& and was selected to perform field 
studies for the EIectric Power Research Institute (EPRI). The first EPRI project lead to the 
i d a t i o n  of a large-scale weii network, henceforth designated as the MADE site (see 
Figure 2.1). Since 1982, two large-scale tracer tests have been performed at the MADE site 
and a third test began in September 1995. Work at the MADE site has been funded by the 
United States Air Force (USAF), EPRI, the Army Corp of Engineers (üSCOE), and the 
TVA- To the northeast of MADE resides a 1-Ha test site that has been the focus of 
electromagnetic borehole flowmeter and recirculating tracer tests funded by the USAF and 
the United States Environmental Protection Agency (EPA) fkom 198 8 to 199 1. 
As shown in Figure 2.1, the test sites are located approximately 6 km east of the 
Tornbigbee Eüver and 2.5 km south of the Buttahatchee River. The aquifer of concem is the 
uppermost aquifa and is cornposed of approxhately 1 1 meters of tenace deposits composed 
primarily of poorly-sorted to weU-sorted, sandy gravel and gravelly sand that often occur in 
irreguiar Ienses and layers. The terrace deposits are unconformably underlain by the 
Cretaceous Age Eutaw Formation, which consists of marine clay, silt, and sand (Kaye, 1955). 
The sand and gravel components of the aquifer are composed of quartz, feldspar, and 
mica. Fine-grained materials (Le. those passing the 0.074-mm sieve) consist of quartz, 
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potassium feldspar, muscovite, and clay minerais. Clay mine& are predominantly 
kaohites and illites with &or of amoimts of montmoriUonites and vermicuiites. Soil 
particles are commonly coated with iron oxides. Measurrments of 6ee iron oxides range 
fkom 2.0 to 3.9 percent by weight for particles Iess than 2 mm in diameter, and fkom 0.5 to 
0.8 percent for particles larger than 2 mm (Boggs et al., 1990). 
Near the MADE test site, seasonal water table fluctuations range h m  2 to 3 meters. 
The magnitude of the horizontal hydraulic gradient changes h m  approximately 0.2 percent, 
when the water table is low, to 0.5 percent when the water table is high (Boggs, et al., 1990). 
Vertical hydraulic gradients severai orders of magnitude larger than horizontal hydraulic 
gradients exist upgradient and downgradient of a paieochaunel (to be discussed later) that 
intersects the MADE site. These vertical gradients can be attriuted to the complex flow 
patterns produced by the heterogeneities in the hydraulic conductivity field. 
Boggs et al., (1995) su- the chernical characteristics of the groundwater fiom 
the terrace aquifer. nie groundwater has a low total dissolved solids content averaging 
43 mg/L. The ionic composition of the groundwater is domhted by sodium, silica, and 
chloride. Total acidity averages 7 1 mg/L (as CaC03). Alkalinity averages 10 mg& aod is 
mainly in the form of bicarbonate. The average pH and mean Eh are 4.8 and 543 mV, 
respectively. 
Rainfall at CAFB averages approximateiy 144 cm mually and is fairly d o m  in 
distribution throughout the year. Most precipitation generally occm during the winter and 
early spring, with the driest seasons king summer and early fd. The cihate is temperate 
IS 
with a mean annual air temperature of 17°C. The mean maximum d d y  temperatrrre in July 
is 33 OC, and the mean minimum daily temperature in January is 3 OC (USAF, 1982). 
2.2 TBE MADE SITE 
Several projects have been performed at the MADE site. The first experiment, 
referred to as MADE-1, had the principal objectives of: (1) developing a data base for 
vaiidating the advectionaispersion component of solute transport models; (2) developing 
practicai methods of measuring hydraulic conductivity variability; and, (3) estimahg 
mac~odispersivity using the methods of Gelhar and h e s s  (1983). Primazy cornponents of 
MADE-1 included numerous borehole flowmeter tests to define a three-dimensional 
horizontal K field and a natural-gradient tracer test involving bromide and three 
fluor0 benzoate tracers. 
Boggs et al., (1990) describe the test site, experimental design and procedures, and 
present qualitative observations regarding the tracer plume behavior. The plume was 
monitored with an array of 258 multilevel samplers (MLS) each equipped with 20 to 30 
sampluig ports spaced approximately 0.38-m apart. A signincant plume feature was its 
asymmetry in the longitudinal direction. Mer 250 days of tracer transport, the most 
concentrated region of the plume was approximately 20 m downgradient of the injection 
location while the advancing portion of the plume extended downgradient a distance in 
excess of 260 m. Adams and Geihar (1992) provide spatid moments analysis of the bromide 
data for the MADE4 field experiment Their analysis indicates that the bromide rnass 
recovery decreased to approximately 50 percent by the end of the study due to the combined 
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effects of plume tnrncation, samphg bias, and sorptioa Their appücation of a non-udionn 
advectiondispersion mode1 to bromide plume moments provided an esthate of longitudinal 
dispersivity of 5 to 10 m at a scaie of 260 m. 
Boggs et al., (1990) and Rehfeldt et al., (1992) pedormed numerous borehole 
florweter tests near and within the MADE weII nehuork. Hydrauiic conductivity profiles 
m& at OS-foot intervals typicdy range between two- to four-orders of magnitude at 
each weU. Rehfeldt et al., (1992) assimilated aLI 2187 borehole flowmeter K values and 
performed geostatisticd analyses on them. They caicuiated a mean log&) of -2.25, a 
variance of l o g o  of 0.848, a horizontal correlation length of 12.8 m, and a vertical 
correlation length of 1.6 m. A main objective of Rehféidt et al., (1992) was to separate the 
log(K) data set into a detemunistic and stochastic component to calculate a 
macrodispersivity. After preforming this separation, Rehfeldt et ai., (1992) calculate a 
macrodispersivity of 1 m using the method of Gelhm and &mess, 1983). 
The MADE-1 tracer experiment occu~zed between October 1986 and June 1988. In 
June L 990, the MADE-;! tracer experirnent began using the same-injection weiis used for the 
MADE-1 experirnent The primary purpose of MADE-2 was to resolve concems with the 
MADE- 1 plume data and to investigate biodegradation of selected organic components. 
Boggs et al., (1992) describe the experimentai set-up and data anaiysis for the MADE-2 
experiment. Tritium was used as the conservation tracer and the MLS sarnpling network was 
expanded by 70 MLS to improve the definition the plume configuration. Tracer sampling 
ended in September 1991. As stated by Boggs et al., (1992) the MADE-2 ûitiuxn plume was 
quite sirnilar to the MADE4 bromide plume. 
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2.3 TXE &Ha TEST SlTE 
In 1988, TVA with fiinding h m  the USAF initiated a study to improve the 
methodology for the hydraulic design of pump-and-treat systems supporthg bioremediation. 
The five reconniiissance wells in Figure 2.1 were imtaiied and pump tested to help locate a 
test site appmximate1y the site of a Uypical' gasoline spiil, which was assigned a dimension 
of l-Ha Because WeU R05 had the highest K value, the new test site was centered on 
Weil ROS. 
Table 2.1 Results of Pumping Tesb in Reconnaissance Wells 
During 1988 and 1989, an initial network of 37 weils was installed as described in 
Appendix A. At the onset of USAF bioreclamation project, the philosophy was to perform 
site characterization in the same mamer as at the MADE site and to focus primady on 
performing recirculating tracer tests. However, shortiy after the testing of the reco~aissance 
wek, the author had concems regardhg the borehole flowmeter procedure and refocused 























author and other TVA employees performed several large-de pumping tests (Appendix B) 
and developed the electroniagnetic (EM) borrhole flowmeter, which is described in 
Appendix C. 
Bonfiole flowmeter testing at the 1-Ha test site was nmilar to that at the MADE site 
except: 1) a sensitive EM flowmeter ~cplafcd an irnpelier fiowmetc, 2) drawdown 
measurements were taken at 1-second intervals with a pressure transducer instead of at 1- to 
10-minute intervals using an electric tape; ad, 3) a diffefent analysis method was used to 
help comct for positive-skin effects. 
To resolve differences between in the K values dculated using different data 
collection and aaalysis methods, a Sefies of pumping and tracer tests was designed and 
implemented. An important consequence of the refocusing effort on site characterization 
was a reevaluation of the geological data. Based on facies mapping at nearby terrace 
outcrops, Rehfeldt et aL, (1989a) state tfiat the m e r  is "clearly a braided-stream deposit" 
As will be discussed in the next section, evidence of pdeochanneIs in several aerial 
photographs strongiy suggest that meander deposit compose some ifnot most of the aquifer. 
Soon a h  the completion of the USAF bioreclamation projects, fkding was 
obtained fiom the EPA to demoastrate and impmve m&ods associateci with perfiorming EM 
flowmeter tests. Included as part of this project (Young et al., 1995) was the addition of six 
weUs at the 1-Ha test site to help evaluaîe well development effects on flowmeter K values. 
Figure 2.1 Location Map for Columbus AFB, TVA Macrodispersion Experimental Site, and appronimate location 
of the 1 -Ha Test Site, C* rD 
3. GEOLOGICAL INVESTIGATION AT COLUMBUS AIR FORCE BASE 
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3.1 FLUVIAL DEPOSITION 
Channels withui fluvial systems are the main focus of sediment transport and 
deposition (GaUoway and Hobday, 1983). Influences on channel morphology are manyfold 
and because the Merent influencing variables are intwlated, this topic is complicated 
(Leopold and Wolman, 1957; M i d ,  1982). Variables that influence charme1 morphology 
encompass the amount and the variab* with time of water discharge; the amount and 
nature! (grain size) of the sediment load; the slope, width, and depth of the alluvial chamel; 
the ve1ocity with which water moves tlirough the channe1;the nature of the channel bottom 
(degree of smoothnesslroughness); and, the stability of the channel banks. The latter is 
govemed by the sediment type of the channel banks (more stable if the bank is made up of 
cohesive material) and the density of the vegetation (the more vegetation, the more stable) 
(Miall, 1982). Ovemding influences are exerted by geology and climate. Geology 
detemiines the regional dope of the fluvial system and the nature of the source rocks 
supplying the sediment for the channel system (for example: sediment load of a river WU 
con& of suspended load only, if mud and+or mudstone is the exclusive source material). 
Climate govems amount and temporal distribution of rainfall, temperature changes and, in 
part, the nature of weathering in the source region (for example: physical weathering can 
provide coarser material in the source area for erosion). 
Rust (1978% b) and M i d  (1977) descri'be the general characteristics of and the broad 
differences among nvers. Meandering rivers display a single channel commonly on gentle 
slopes with sinuosity values of M.5 and braiding values cl .O. 
suspended-and mixed-ioad and possess widthldepth ratios of 4 0 .  
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They are dominated by 
Sûaight rivers are rarely 
encountered in nature. 'Ihey possess a single channel with simiosity values 4 . 5  and braiding 
values 4-0. 
The sediment load d e d  by the river can be either bedload, suspended Load or any 
combination thereof. Braided rivers are dominated by bedload and display two or more 
channels separaîed by bars and isiands. They possess a high width-to-depth ratio ofup to >40 
(Schumm, 1977). The braiding parameter is >1 .O, whereas the sinuosity is t y p i d y  <1 S. 
Aaastomosing nvers are multiple-chauneI nvers, which cany predominantly suspended-load 
in the water column. The chanwls are relatively stable and are separated by large, stable 
islands. The sinuosity of each separate channel is high (>2.0) and the braiding parameter (of 
the whole system) is >1.5. Table 3.1 SUOltlliinZes the characteristics among the four main 
types of rivers as based on channe1 morphology. 
Dinerent channel patterns are transitional to each other and form the continuum of 
channel patterns (Leopold and Wolmao, 1957). The type of fluvial system can change in a 
vertical stratigraphic section, as measured, for example, in an outcrop. Different fluvial 
systems grading into each other laterally at a given instant in time wili be found super- 
imposed on each other when observations are conducted over longer tirne periods. The 
different systems shifted laterally with time due to changes in boundary conditions. The 
stratigraphic record, then shows one system overlying the other. A change in fluvial systerns 
might occur foiiowing the shifting (with t h e )  of environmental conditions following 
changes in local or regional base ievel, or it might be due to local changes in influencing 
factors determining the style of the fluvial system. 
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Of the four categories of flUYial systems, the two most Likely to have f o d  the 
terrace deposits at Columbus, Mississippi, are meandering and braided syste&. 
3.2 BRAIDED RIWR SYSTEM 
3.2.1 Braided Rivers 
A bmided river is dehed a s  one in which the channel repeatedly divides and rejoins 
aromd fluvial islands or bars (Leopold and Wolman, 1957) on a length scale of one to a few 
times the channel width. Braided rivers fom most commonly in a transition zone between 
high gradient mountainous streams/fluviaI fans and relatively low gradient 
riversllakes/deltas/oceans (LeBlanc, 1 972). 
Aquifers composed of braided river deposits accumulate as multi-story lenses and 
layen that are a product of rapid lateral migration and vertical aggradation-of broad, s W o w  
(5 cm to 0.5 m average depth) channels (Wiams and Rust, 1969). Wherever braided rivers 
are developed, their most cornmon characteristic is the presence of longitudinal bars 
separated by chamek containhg m i m g  transverse bars. The occurrence, geometry, and 
proportion of these bar types varies in différent tectonic and climatic settings, and commonly 
varies in the same river dong its course. The continuous branching and rejouling of channeis 
with longituidllial bars between them gives nse to a braided river pattern (Figures 3.1 and 
3.2). 
Lateral and vertical changes in braided river deposits are abrupt due to variable 
preservation of channel and bar forms (Miail, 1987). Deposits tend to be lenses and 
discontinuous horizontal beds. Erosion, transport and deposition in the braided river 
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enviro~ment are controiled largely by flashy, turbulent flood events (e.g., Ferguson et aL, 
1992). Sediment is in tr&prt  across the braidpkin during floods when gravel bars are 
submerged within the composite channel. Braided river sediment is characterized as king 
poorly to rnoderately m d .  Commonly, sand and pebbles are dominant (e-g., Campbell 
1976). Boulders, common in most M a l  fans, are uncornmon to absent in braided rivers. 
Clay and dt are not abundant in braided river deposits. Among the reasons for this is that 
clay and siIt generaiiy remain suspended in the high velocity flows or are reworked and 
cmkd f h e r  domgradient dowmtream. 
3.2.2 Longitudind Bars 
Longmidinal bars (long dimension-flow pardel) are diamond-shaped accumulations 
of coarser sediment (commonly gravel) between channels. Their dimensions range from 25 
m to several hundred meters in dowmtream length, by 5 to LOO m in flow-perpendicdar 
width. They comrnoniy are between 0.5 and 1 m high (Wiams and Rust, 1969; Rust, 
1972). Longitudinal bars are formed primaiily driring floodùig events fiom gravelly material. 
As flood flow waws, longitudinai bars are commonly dissated by small channek and finer 
sediments (sand and silt) are deposited on the bartop in thui horizontal beds and laminae. 
Because they are primarily a flood stage phenornenon, longitudinal bars are typically 
intemally massive or have or crude horizontally stratified, clast-supported gravel, which is 
commody imbricated and rarely cross-stratifïed. Srnail-scaie (a few meters). cxudely 
developed, coarsening-upward or fining-upward sequences may be present. Downstream 
&ration of longitudid bars genedy produces a coarsening-upward gravel sequence as 
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c0arsery upbar gravel migrates over fkr, dombar gravel (Hein and Walker, 1977). Crudely 
develo* fining~pward xquences may arise as hi&-mergy flood surge m e s y  promoting 
aggradation and allowing progressively smder clasts to be deposited on the bar top. 
Longitudinal bar gravel sequences may also possess thin (a few centimeters), impersistent 
sand lenticles and laminae deposited as flow competency over the bar top decreases M e r  
(Rust, 1972; Miall, 1977). 
3.23 Transverse Bars 
During the low stages of the river, sedimentaton on the longitudinal bars becomes 
negligible but transport and deposition of sand-sized material continues in the channels and 
fonns transverse bars. Formuig largely within broad channels (0.1 to 1 m deep x 4 m width; 
Bull, 1964; M i d  1977), transverse bars behave more Iike a migrating bedform (e.g., dune) 
than do longitudinal bars. Sand and gravel migrate up the lee side, then slide down the 
flow-perpendicular slipface that dopes downcurrent This process f o m  planar 
cross-stratification, commonly defined by altemating foreset beds ofsand and fine gravel, 
or just sand of varying sizes. As compared to longitudinal bars, tramverse bars include: (1) 
relatively smaiier mean grain size; (2) relatively better sorting; and, (3) a preponderance of 
high-angle planat cross-stratification topped by smail-scale trough cross-stratification 
(Matthew, 1 974). 
3.2.4 Summa y 
Gravel, sand, and silt lenses are deponteci as migrating longitucünai, transverse bars; 
and in channels as sand sheets and overbank deposits of braided rivers. Braidplains fom in 
relatively high-gradient regions under conditions of volinninous, coarse-grained bedload 
Sand and gravel are denved h m  upgradient glacial systems or nom fluvial fans, which in 
turn, receive debris h m  high relief mountainous areas. As basin flanks are uplifted, relative 
to the adjacent subsiding sedimentary basin, braidplaia deposits are prese~ed, creating the 
heterogeneous aquifer. 
3 3  MEANDERING RIWR SYSTEMS 
33.1 Meandering Riven 
A meandering nver is a single, markedly sinuous (sinuosity (S) > 1.5; Leopold and 
Wolman, 1 957) channel that migrates laterally and downgradient within a meanderbelt 
(Matthes, 194 1). The meanderbelt is approxhately 15 to 20 t h e s  the width of the channel 
@eBlanc, 1977) and is defined as part of the floodplain between two tangents to the outer 
ben& of meaaders (Amencan Geological Institute, 1962). A floodplain commonly contains 
more than one meanderklt, o d y  one of which is domiaantiy active at any tirne. 
Meanderbelts become inactive through the process of avulsion, discussed later. 
Aquifers composed of meandering nver deposits accumulate as multi-story sand 
(some gravel) lenses and channel forms commonly encased in fine-grained mud. The single 
channe1 is generally much deeper than the shallow, shifting charnels of braided rivers, and 
occupies only a narrow strip of the floodplain. Mead of midchannel bars, such as occur in 
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braided rivas, meandering nvers contain one major bar type @oint bars), which are the  OCU US 
of deposition, Point bars are ~ 0 ~ e C t e d  to the river bank and develop on the convex side of 
each meander bend (se Figure 33). They are ofrelativeiy simple cross-sectionai geometry 
in smaii rivers, but commonly are of a more complex double-tiered nature in medium and 
large meandering nvers, wheR point bars also difEer in their upstream and downstream areas 
(e-g., Bluck, 1971; Jackson, 1975, 1976a). 
The deepest part of the channe1 (thalweg) occurs on the concave side of each bend, 
forming a pool opposite the point bar, that slopes gently down into the channe1 (Figure 3.4). 
The outer concave bank (cutbauk) is the focus of erosion. Much of the sediment eroded h m  
the cutbank is deposited on the next point bar downstream, on the sarne side of the river 
(Matthes, 1941). As the cutbank is degraded, the point bar aggrades and migrates toward the 
cutbank, In this way the entire river migrates laterally, yet charnel width temains constant 
(Matthes, 194 1; Leopold et al., 1964). 
Sediment within a meanderbeit undergoes a high rate of reworking as the channel 
migrates laterally and erodes previous deposits. Meandering systems, therefore, generdy 
contain a much higher proportion of mud compared to braided systems (Pettijohn et al., 
1987) due to the high rate of reworkhg of floodplain mu& higher amounts of 
baok-stabilizing vegetation, and the more distal position of meandering rivers with respect 
to the source terrain. Grain site generally ranges fiom clay to small pebble, and the degree 
of sorthg is much higher than that of fluvial fans and braided rivers, unless the river flows 
tbrough poorly- sorted sediment such as glacial till. Granule to pebble grave1 is cornmon as 
a thin lag at the channel base. Cobbles and boulders are rare. 
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Generally, the channel deposits are the coarse grave1 on channe1 floor. The inner 
bend (point bar) consists of coarse sands close to the channel botiom (lower point bar) to fine 
sands on the upper part of the point bar. On the Iower point bar (close to the channel) a 
bedform of sinuous ciested dunes develops with a height ranging h m  15 to 70 cm. These 
dunes, d e d  crossbeds or foresets, can be used as an indicator of the local fi ow direction of 
the channel. As the main channe1 is migrating in the direction of its outer bend, the point bar 
on the inner bend is building itseifoutward, a process called lateral accretion. As a result, 
the point bar develops into a haLf-circular shaped sand body. This migration also resuits in 
regular vertical seqwnce sediments, overlying each other, successively deposited at a larger 
distance fiom the main channeI. Therefore, a graduaily fining upwards sequence can be 
expected. 
Crevasse splay anci overbank sands are deposited outside the main chamel. The nrSt 
categoxy is originated by a break in the naturaI channel levee. The deposits are lobe-shaped 
sheets, generaily fine sands and dts, coarser towards the feeding point The overbank 
deposits occur from flooding at a high stage. Because ai i  coarse matenal is transportai dong 
the bottom of the channel, the overbank deposits consist mainly of silt and clay. Oxbows 
occur when a meander is cut-off and the main channel takes a shorter track. The old 
meander, only fed at high flood stage, is fïUed with fines and clay. 
3.3.2 Channel Abandonment 
Periodically the sinuous course of the meandering charnel is shortened due to 
different rates and directions of erosion in adjacent meanders. The channe1 is straightened 
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and a former meander is abandoned or abandoned, thereby only accommodating 
fl ow during flood times. Meander cutoff is 6eces~ayy to increase local river gradient and 
maintain a relatively constant fiow velocity (Reineck and Sin& 1986). The two mon 
common types of meander cutoff are neck ciitoff and chute cutoff (Figure 3.5). The third 
mechanism for channei cutoff is avulsion. 
Neck cutoE occurs as two concave banks erode toward one another producing a 
narrow neck of l a d  The neck is breached either during flood or during normal base fiow. 
The meander loop is abandoned rather abruptly, and is plugged at both ends by sediment 
deposited h m  separated flow eddies (Collinson, 1986). The abandoned channel becornes 
a strongiy curved lake cded an oxbow lake. Following fiom the large angular clifference 
between the old and new channels after neck cutoff, bedload sediments form plugs only at 
the immediate ends of the abandoned channel and contriiute M e  to the total volume of the 
complete fiil. Once the ends of the channel are sealed, the remaining fiil enters as overbank 
flows (Allen, 1965). 
Chute cutoff normally occurs during flood times when a new channel is cut and 
deepened dong a swale or chute chamel (see Section 3.3.4 below) on the point bar. They 
d y  occur more graddy, over successive floods, as chutes are deepened, thereby 
causing progressively decreased flow in the main channel. Bedioad sediments make 
important contributions to chamel-filis following h m  chute cutoff. Because of the smaii 
angular dinerence between old and new charnels, the river continues for a long time to flow 
through the old channel, depositing bedload sedunent at the upstream and dowllstream ends 
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and on the floor and side untii abandonment of the channel is complete. Once the ends of 
the channel are seaied, the remaining fill enters as overbank fiows (Allen, 1965). 
Once a portion of the chamel is abandoned, it becomes a very low energy lake or 
swamp and is only affeded by overbank floodwatets. It eventuaiiy is filied with laminated 
to massive overôank mud and dead organic matter. This cwed, impermeable channel-fïli 
deposit is tenned a clay plug. Clay plugs that fill neckaof f  oxbows are thicker and contain 
little to no sand or silt compared to clay plugs of chute cutoffs, because complete 
abandonment is more immediate during neck cutoff (Ailen, 1965). 
Entire stretches (10's to 100's km long) of river may be abandoned by the process of 
avuision (Figure 3 -5). Most sedimentation occurs within the active meanderbelt, thereby 
constructing a fluvial ndge, and raising the river above the level of the distal floodplain 
(Fisk, 1952). The ridge-building process tends to Iower the nver gradient over time but ais0 
retains the nver in a kinetically unstable position. To relieve this condition and increase river 
gradient, the river periodically avulses, that is, breaches the channel bank and forrns a new 
course flowing to the lowest elevations of the fioodplain (Speight, 1965). The new course 
commoniy is initiated by crevasse splay development, which is triggered during flooding or, 
in some cases, by ice or log jams d d g  the main channel (Smith et al., 1989). 
3.33 Point Bars 
Point bars are the mjor depositional feature in meandering systems developed over 
a wide range of grain sizes, slopes, sinuosities, and discharges. Consequently, point bar 
formations display considerable variability h m  the simple classical mg-upward sequerice 
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describecl above in section 32.1. In this classicai sequence, the plaoat top of the bar slopes 
downward into the thalweg (see Figure 3.4) and serves as the surface of deposition. Grain 
size fines dong this d a c e  h m  the chamel base to the point bar top. Several signifïcaat 
variations fiom the classic point bar sequence are documented in the literature. For 
simplicity, they wiil be grouped into three categories called complex point bar, coarse- 
grained point bar, and fine-grained point bar. 
The classical point bar secluence is based on the location of the thalweg near the outer 
bend of meander. Jackson (1975, 1976) discovered that across the Wabash River the 
maximum depth, velocity, and grain sue only occuned at the exit of ben&. Within the 
entrances and medial portions of bends, the velocity profile was still in transition fiom the 
previous bend and thus was more evenly developed across the river (i.e. the fastest cunent 
may be in the middle to the river or nearer the inside of the bank). As a remit, depth and 
grain size are relatively constant across the river instead of decreasing and k g ,  
respectively, fiom the cutbank to the top of the point bar. The redting vertical section, 
therefore, will not display the classic nnuig-upward sequence. Instead, it may coarsen 
upward or coarsen and then fine upward and fonn a complex point bar. 
Some coarse-graine& bedload-dominated rivers are meandering instead of braided 
in plan view. Though they are of higher than normal gradient for a meandering stream (e-g., 
0.6 m h ;  Amite River, LA), their muddy, cohesive, vegetated banks serve to contain the 
charnel (McGowen and Gama, 1970). Coarse-grained meandering rivers are also of lower 
sinuosity (S = 1.3 to 2.3) than most meandering rivers, and their water level and velocity 
fluctuates strongly (Nijman and Puigdefabregas, 1978; Forbes, 1983; Arche, 1983). 
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Sknilar to mixed-load meandering rivers, coarse-gmined meandering rivers migrate 
over the floodplain and deposit sediment in point bars. These point bars, however, are 
composed of gravel (pebble to cobble), are two-tiered (upper and Iowa point bar), and 
contain chute bars and chute channels on the upper tier (McGowen and b e r ,  1970; 
Nijman and Puigdefabregas, 1978; Gustavson, 1978). 
Fine-grained meandering nvers, containing littie to no gravel, are not greatly different 
in process nom normal, mixed-load rivers. Stewart (1983) characterïzed these nvers as 
having distinct channels with low widthldepth ratios and very high sinuosities. Point-bar 
sequences are similar to the classic point bar, in that they fine upward- They are, however, 
fier-grauied ove& and fine upward h m  fine sand to clay, instead of nom gravel to clay. 
They are also composed of smder-scale bedfom (Steinmetz, 1967; in Reineck and Singh, 
1986). In very he-grained nvers, such as the Gomti River of hdia, even the coarsest grab 
are carried in suspension. Grain senling fiom graded suspension is the dominant 
depositional process. Horizontal lamination of very fine sand and mud, therefore, is most 
abundaut, with some npple and climbing ripple cross-lamination Becaw of the &onnity 
of grain size, point bar sequences do not fine upward and are very similar to levee and 
overbank deposits (Kumar and Singh, 1978). 
33.4 Summary 
Meandering rivers commonly form down gradient h m  low-sinuosity braided rivers 
and slightly upgradient fiom more stable anastomosing river systems and deltas. Creation 
and maintenance of a meandering river pattern is favored by low slope, cohesive bank 
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material, vegetation-stabilized banks, refatively steady discharge, and a high 
suspendecUbedload ratio (LeopoId and WoIman, 1957; Reiwck and Singh, 1986). The mble 
intarelation among these characteristics are not fully undetstwd as meandering rives also 
form in areas of relatively high dope, CO- grain size (higher bedload) and more seasonal 
discharge (Le. coarse-grained meandering nvers). Point bars are the major depositional 
feature in meandering systems developed over a wide range of grah sizes, dopes, ~inuositie~~ 
and discharges. Consequently, point bar formations displays considerable varïability nom 
the simple classical mg-upward sequence. 
Point bars accrete both Iaterdy and vertically as the channel migrates over the 
floodplain. Meandering nvers change thek course by neck cuto& chute cutoff, and by 
avulsion in order to shorten channel length and iaaease gradient Floodplain sediments 
accumulate due to overbank flooding and are deposited as natuml levees, crevasse splays, 
and in oxbow lakes, bayous, abandoned channels, marshes, and swamps. 
3.4 GEOLOGICAL DATA FROM COLUMBUS AFB 
3.4.1 Information Sources 
The proximity of CAF43 to the Tombigbee River and Buttahatchee rivers (see 
Figure 2.1) strongly niggest that either braided andior meandering rivers were responsible 
for the aquifer deposits. To construct a viable depositional mode1 for the aquifer, the sources 
of information in Table 3.2 were reviewed. 
Table 3 3  Iiformation Used to Constnrct the DepositionaI Environment 
of the CAFB Tenace Aqpifcr 
Type of laformation 
Aenal Maps ofthe Test Site 
Regional Aerial and Topographical Maps ' 
Thesis on GeoIogy of County 
Facies Mapping of CAFB Grave1 Pits 
CAFB Grain-Sizes fiom Weil Boreholes 
Study of Depositional Trends in the 
Tombigbee River Vaiiey 
Examples of Modern Braided and 
Meandering Stream Sediments 
Continuous Soi1 Logs 
Source 
- - - -  
CoIumbus AFB, MS 
U.S. Geological S m e y  
Mississippi State University 
EPRI-MADE Reports 
EPRI-MADE Reports 
US. Army Corps of Engiaeers 
Journal Articles and Text Books 
US. Army C o q  of Engineers 
Field Data 
3.4.2 Archeological Study in the Tombigbee River Valiey 
Under the supervision of the Amy Corps of Enpineers (ACE) an archeological study 
was canied out in the Tombigbee River vdey  for the purpose of identifying former living 
sites of ancient man (Mut0 and Gunn, 1986). It was recognized that the different elements 
of the surface physiography, as distinguishable fiom air photographs, were excellent fïrst 
indicators for selecting the sampling sites. These sampling sites were approximately 50 by 
150 meters and several were located in Columbus, Mississippi. Figure 3.6 shows the 
numerou oxbows, recognized fiom the air photographs, and the selected sampling sites near 
Columbus, Mississippi. This sampling included auger drillhg to sample and describe the 
soils and depositionai history altered and unaltered by human activity. 
35 
Figure 3.7 and Table 3 3 provide an interpretation of the river vailey development 
fkom the &y Pleistocene to modem times. During the Pleistocene, braided streams 
dominated the ami, eroding the Cretaceous bedrock. The main topography (the Uplands, 
marked U in Figure 3.7) was shaped during this perïod At the end of the Pleistocene 
(12,000 years B.P.), foiiowing an erosional phase, deposits nom braided streams and 
coarse-graineci meandering streams are f d  Remnants ofthe Pleistocene have been found 
in tenaces (marked Tl and T2 in Figure 3.7) higher up in the vailey. During the Holocene, 
uplift continues and terraces were found (EHT and LLIT). The Tombigbee River remained 
metastable mtil an erosional paiod began shaping the current physiography in modem times 
(4,000 years BI.). During this metastable meande~g  environment, extensive overbank 
deposits were generated. Ais0 remnants of oxbows (abandoned meanders, clay plugs) are 
found for this whole penod. 
3.4.3 Aeriai Photographs of Test Site 
As shown in Figure 3.6, nurnerous outlines of river meanders are visible in aenai 
photographs near the CAFB. Figure 3.8 shows an aeriai photograph of CAFB made in 1956. 
Aenai photographs taken several years previous show a recently leveled area that lacks any 
physiographical indication of a riva meander. In 1956, however, Merences in the growth 
patterns of newly developed vegetation outline a former river meander. Photographs taken 
after 1956 do not show the paleochaunel because of dense vegetative cover. 
Table 3 3  The Homeostatic and the Heterostatic Periods Associated with the 
Deveiopment of the Tombigbee River Vailey ( d e r  Muto and GUM, 1986) 
Il SCENARIO 1. PREBRAIDED STREAM PERIOD ( > 16,000 years BDP.) 
1. Homeostatic environment periods 
A From 19,200 to 18 f 00 years 
B. From 17,300 to 15,800 yean 
Ki. Heterostatic environment periods 
A From 20,000 to 19,200 years 
B, From 18.200 to L7,300 years 
' SCENARIO 2. BRAIDED STREAM OR COARSE-G-D MEANDER 
BELT PERIOD (16,000 8,000 y- BS.) 
1. Homeostatic environment periods 
l 
A. From 12,500 to 9,600 years 
II. Heterostatic environment penods 
A. From 15,800 to 12,500 years 
B. From 9.600 to 6.400 years 
SCENARTO 3. MEANDER BELT PERIOD (8,000 - 4,000 years B.P.) 
1. Homeostatic environment penods 
II A. From 6,400 to 5,000 years 
II II. Heterostatic environment penods 
II A. From 5,000 to 4,000 years 
- - --- 
SCEN- 4, m m  PERIOD (4,000 years B.P. - Present) 
1. Homeostatic environment periods 
Il A. From 4,000 to 3,100 years 
II B. From 2,100 to 1,500 years 
II II. Heterostatic environment periods 
II A. From 3,100 to 2,100 years 
1 B. From 1.500 to Present 
3.4.4 Facies Mapping of Outcrops 
Approximately 1 km northeast of the test site, Rehfeidt et al., (1989b) mapped 
sedimentary feahnes observed in gravel-pit exposures. Four major sedimentary facies were 
observed in the gravel-pit exposures: (1) sandy gravel with bimodal mixtures of sand and 
gravel; (2) weil-sorted sand; (3) a highly variable sandy, clayey gravel fàcies with substantial 
amounts of clay in pore spaces; and (4) open-work grave1 facies of relatively limited 
horizontal and vertical extend. The sandy gravel facies appears to be a matrk in which the 
other facies were embedded. Dimensions of the other facies ranged up to 8 m horizontally 
and less than 0.5 m vertically. Figure 3.9 shows the map of the facies at the gravel 
exposures. 
It is not clear how representative these facies at the gravel pit are of the conditions 
at the MADE and the USA.  test sites. The gravel pit exposures that were mapped included 
only the upper three metea of the terrace deposits that Iie above the water table. However, 
similar materials are found in soi1 cores at the test site with the exception of the open-work 
gravels. This may be due either to the scarcity of the open-work gravels or failure to 
recognize these features in disturbed soi1 cores. ReKeldt et al. (1989), apparently had 
f i cu l ty  in interpreîation of the facies as they state: "Based on unclear criteria the mds are 
interpreted as deposited by braided streams." 
3.4.5 Soi1 Logs fkom Weil Boreholes 
During the installation of the 1-Ha network, split-spoon samples were collected at 
0.61-m intemals for 10 wells. The samples were coilected primarily for locating gravel and 
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clay lenses and for evaluating the ease of samphg ushg Werent drillhg methods. 
Because of a lack of resources, grab-size analyses wefk not performed on any of these 
samples. Mthough descriptive field logs were made, these description are too subjective and 
vague for critical evaluatioa 
Near the MADE MLS weli network, 214 sediment samples from 7.6-cm OD split 
spoons were anaiyzed for grain-size information- From a geologic viewpoint, the data are 
of poor quality. The samples locations are very sporadic and are composite samples of 
vertical lengths of approximately 0.5 m. These s m p l a  are too mLved to investigate 
depositional environments and tw widely disttliuted to map spatial trends. In addition, the 
churning of gravels in the split spoon samples destroyed potentidy usefid bedding or 
layering structure. To d y z e  the sediment data, Boggs et al., (1990) generated Figure 3.10, 
which shows a composite pronle of the grain size from 38 coreholes near the MADE site. 
In defense of classifj6ng the paleochanne1 in Figure 3.8 as a d c i a l  feature, 
Rehfeldt et al., (1992) cite the lack of distinguishable transitions in the profile of the average 
grain-size data in the upper aquifer (Figure 3.10). However, because only 3 of the 38 
boreholes are located within the paleochannel at the MADE site (see Figure 3 in Rehfeldt 
et al. 1992) this argument is not a valid one. 
Based on the soi1 sampling and d r i b g  activities for the MADE project, a contour 
map (Figure 3.1 1) of the top of the Eutaw clay formation was coastnicted. Figure 3.1 1 
shows the elevation of the erosion d a c e  upon which the terrace sediments are deposited. 
Marine sands with traces of giauconite indicate that an mcient river and not the Tombigbee 
River scoured the Eutaw sand formation Over most of the study area, the Eutaw clay 
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d i t c e  is composed of a dense clay, which fo- au -tard beneath the terrace deposits. 
However, fine-grained &e sands, frequentiy containing thin interbedded ciay and d t  
laminations, foim the upper Eutaw clay in one subregion of the site This sand unit ranges 
up to approximately 3 m in thichess, and exhi'bits physical and hydraulic properties simîiar 
to those of the tenace deposits. 
3.4.6 Continuous Soü Logs 
During the Summer of 1994, continuous aquifer cores were taken at 9 locations 
show in Figure 3.12. The cores were coiiected in 8.3- ID, 76-cm long, polycarbonate 
sleeves with a 10.8-cm ID hoilow-stem auger. At the 7 locations near the MADE site, quifer 
coring began at ground surface. At the 2 locations in the 1-Ha test site, sampling began 
approxhately 2 m below ground surface. AU soi1 cores except those fiom weU location 74 
were cut open, visually inspected, and photographed TO help illustrate the coarseness of 
the majority of the deposits, photographs of the deposits fiom the location of WeU 72 and 
WeiL 73 are shown in Figures 3.1 1 and 3.12, respectively. Composite samples of 100 to 400 
gram xere made at intervals of approximately 25 cm. Grain-size d y s e s  were performed 
at O S @  intervals over the range of -6.54 (90 mm) to +3.74 (0.075 mm). Shown in 
Figures 3.1 2 and 3.1 3 are the means and standard deviations for the composite samples. 
Although dependent on the nipply of particles available for transport, mean grain size 
serves as a generai indicator of the energies associated with sediment transport in an 
environment. In general, coarser mean grain sizes are representative of higher depositional 
energies. The standard deviation (sorting) is a measure of how ofien and greatly the energy 
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changes. Sorting represents the balance between enûy of sediment into the system and 
reworking or removal of sediment h e  enough to be transporteci by the prevaient velocity of 
the water. A large standard deviation implies that sediment enters the system faster than 
currents cm segregate it into Mirent populations. A low standard deviation irqplies either 
a slow rate of deposition, which d o w s  time for reworkuig, or that the sediments' source is 
already weil sorted (Middeton and Southard, 1984). 
In Figures 3.14 and 3.15, shading has been used to divide the aquifer thickness into 
three zones. The interval nom 62 to 64 m MSL represents a fine-grained overburden that 
is norrnaily utlsaturated and has a mean grain size greater than 29. At high water-table 
conditions, these fine-grained deposits may lead to semi-confhed to confined conditions in 
some areas nich as near weil location 76. The interval h m  58 to 62 m MSL represents the 
upper half of the saturated aquifer. The mean and standard deviations for this interval are 
-29 and 24, respectively. These values suggest a hi& energy and chaotic depositional 
environment simiiar to that for a coarse-prained meandering river with fiequent floods. The 
interval fiom 54 to 58 m M.S.L. represents the lower haif of the saturateci aquifer. Over this 
interval at every well location except Weii 76, the mean grain size varies fiom -34 to 241. 
This wide range suggests that the deposits were formed by environments with very different 
modes of sediment transport. 
At the seven core locations at the MADE site, 5-cm ID My-screened wells were 
instaiied with grave1 packs via a 10.8-cm ID hollow-stem auger. At the two core location 
at the 1-Ha test site, no wells were W e d  because the corings were within 1.5 m of 
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existing gravel-packed weh. R d t s  borehole flowmeter tests h m  the gravel-packed 
weIis are show in Figure 3.16. 
Spatial variability is a dominant feature in di of the K profiles. Except at intervais 
where low-K, fine-grained deposits exists, K values typically fluctuate 1 to 2 ordea of 
magnitude. Less variation is shown at the 1-Ha test site because at the two weii locations, 
a larger vertical interval was used for averaghg the fiow measwments. Because of the 
highly heterogeneous conditions at the site, groundwater flow is Likely controiled by 
preferentid flow paths formed by a convoluted network of interconnected high-K deposits. 
Figure 3.1 Schematic diagram showhg multiple longinidinal bars (1st order) which 
commonly are themselves dissected into smaiîer bars and Wower channels 
(2nd and 3rd order). Diagram represents one braided-river reach or 
c o m p o d  channel (within which'd three bars roders are migrating; 0th 
order) ofwhich a braidplain is composed of many (modined &er Wiiams 
and Rust, 1969). 
Figure 3.2 Schematic of the Complex Relationships among the ciifferennt facies in a 
bmided Stream environment (after Williams and Rust, 1969). 

Figure 3.4 Meandering river fiow pattern and channe1 cross-sections(hm Allen, 1985). 
Abandoned 
Channel 
Figure 3.5 Modes of channel shitang in meandering systerns; A=chute cutoff, B=neck 
cutoff, CC=avsion(hrn Colhon, 1986; after Allen, 1965). 
Figure 3.6 Physiographical Units recognùed fiom air pbtographs and sarnpling sites 
selected by the Corps of Engineers near the CAFB aquifer (afler Muto and 
Gunn, 1986). 

Figure 3.8 Test sites overlaid on a 1956 aerial photograph that shows the location of a 
paleochannel. 
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Figue 3.9 Geological cross-section ofa texturai facies map at a CAFB grave1 pit (after 
ReKeldt et al., 1989). 
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Figure 3.10 Field -averaged grain-size distribution for 
the CAFB aquifer (afier Boggs et al., 
1990). 
Figure 3.1 1 Elevation of top of Eutaw Formation 
(contour in rneters MSL -- after Boggs et 
al., 1990). 
Figure 3.12 Photograph of 76cm (-2.5 fi) long core sections nom the locatio 
Well72. (Depths are refetenced tb below ground Surface). 
Figure 3.1 3 .Photograph of 76-cm(-2.5 ft) core sections fiom the location of Wel 
(Depths are referenced to below ground surface). 
Figure 3 -14 Vertical profiles of mean grain-size at the continuous coring locations. 
Figure 3.15 Vertical profile of grain-size standard deviations at the continuous coring 
locations. 
Figure 3.16 Vertical profle of borehole flowmeter K values at the continuous coring 
locations- 
4. CHARACTERIZATION OF EIGH-K PATHWAYS AT 1-Ea TEST SITE 
/ 
4.1 INTRODUCTION 
Proper quifer chamcterization in support of quifer remediation activities requkes 
delineating the hydrauiic conductivity (K) field Borehole flowmeter tests are a promising 
method for effectively meamring horizontal K. Several recent papers (Hufschmied, 1986; 
Hess, 1986; Hess et ai., 1992; Morin et al. 1988; MoIz et al., 1989, 1990; Rehfeldt et al., 
1989; 1992; Molz and Young, 1993; and Young et al., 1993% b) describe borehole flowmeter 
tests. Among these applications, differencces exist regardhg data collection ador aualysis. 
Aquifer and tracer testing nom a 1-Ha test site composed of fluvial deposits have 
produced independent data sets that indicate the aquifer is highly heterogeneous. The 1-Ha 
test site is Iocated at CAFB Columbus, Mississippi. The test results indicate that alternative 
methods for analyzing flowmeter data, which may be equivalent in relatively homogeneous 
aquifers (see Molz et al., 1989), c m  produce signincantly different K values at Columbus 
AFB. The most promising approach for flowmeter data analysis is a slightly modined 
method discussed by Molz et al., (1990). Using this method, 881 borehole flowmeter K 
values were calculatecl for the 1-Ha test site. To demonstrate the reliability of this method, 
the magnitude and trends in the K values are shown to be consistent with results fiom 
geologic investigations, recirculating tracer tests, and large-scale mdti-well pumping. 
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4.2 BREF DESCRIPTION OF THE 1-Ha TEST SITE AT COLUMBUS AFB 
The test site occupies appmximately 1 of 25 hktares of TV A's Gromdwater 
Research Area at Columbus AFB, Mississippi. The 1-Ha test site is witbin 50 m of the EPRi 
3MAcroPispersion Experiment (MADE) site (Boggs et al., 1992; Rehfedt et al., 1992). The 
Columbus m e r  is composed of approximately 10 meten of fluvial deposits consistiag of 
interfingering, lozenge-shaped lenses of poorly- to well-sorted sandy-grave1 and 
graveily-sand. Of the 10 meters, the saturated thickness seasonally varies between 6.5 and 
7.5 meters. The aquifer ovvetes the Eutaw Formation consisting of clay and silt that serves 
as an aquitard (Boggs et al., 1992). An aenal photograph (see Figure 3.8) shows a 
paleochaonel crossing the 1-Ha test site. 
The 1-Ha test site (Figure 4.1) includes tbirty-seven 525-cm ID Wy-screened wek 
constnicted fiom schedule 40 PVC pipe with 0.025-cm dots at spacings of 0.3 18 cm. AU 
welis were installed through either a 19.- OD hollow stem auger or a 1 1.4-cm OD dnven 
casing. After well installation, the annulus was allowed to backfiU and auger cuaings were 
used to complete the backfill to groimd d h c e .  Each weii was developed for approxhately 
3 hours using overpumping, backwashing, and mechanical swabbing (Young, 199 1 a; Young 
et al., 1993a). Mer well development, borehole flowmeter tests were performed. 
4.3 BOREHOLE FLOWMETER TESTS 
Borehole flowmeter tests involve meanuing vertical flow in a well during ambient 
and pumping conditions after the water-table level has stabilized. Data analysis includes 
caicuiating K values based on borehole flowmeter and pressure measurements at designated 
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aquifer intervals. Wlthin the refereed literature two appmaches to borehole flowmeter 
d y s i s  have been presented. They will be r e f m d  to as the Cooper-Jacob and the y/R 
profile approaches. 
43.1 The Cooper-Jacob Approach 
The assumptions of horizontal flow and an intinite aquifer permit using the Çooper- 
Jacob (CJ) equation (Cooper and Jacob, 1946) to calculate horWntd K values for selected 
aquifer iayers af3er an appropriate time interval. AppIication of the CI equation requires 
values for the drawdown, m., and the storage coefficient, Si, for each I& aquifer layer. If 
the weil losses are negligible, then the value of AI-& for each aquifer layer can be assumed 
equal to the measured drawdown. Ifthe weiI Iosses are not negligible, then values of 4 
will need to be measured or estimated using a program such as KPFLOW3 (Young et al., 
1993 b). 
In con- to the relatively straight-forward methods for detennining the values, 
the Si values cm be difncult to select Within the refereed literature, the foilowing two 
methods have been used: (1) the specific storage, S, is constant so that Si = S, x Az, (Morin 
et al., 1988; Molz et al., 1 989); and, (2) Si varies with such that the hydraulic diffiisivity 
(i.e., Ti/S,) rernains constant for each I~~ layer (Rehfeldt et al., 1989; Hess et ai., 1992; 
Hufschmied, 1986). Applying the Cooper-Jacob approximation for flow to a weii in a 
confined aquifer (Cooper and Jacob, 1946) to represent flow nom a single-aquifer layer, 
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the fkt and the second assumptions lead to E@om 4.1 and 42, respectively, where: && 
= drawdown h m  Ith layer; AQi = total flow h m  ~~h layer into the weli; Aqi = ambient flow 
h m  1th laye& Ki = horizontal hydrauiic conductivity of the Ith l a .  S p storage coefficient 
for the I& layer; Aq = 1% layer thickness; g = effective weii radius; and, t = time since 
43.2 Y/R Profile Approach 
Molz et al., (1989) cite the work of Javandel and Witherspoon (1969) to justify an 
alternative method to the CJ equation for borehole flowrneter data analysis. Javandel and 
W~therspoon (1969) numericaüy modeled the p&ping weii for an ideaiized, layered a m e r  
with a constant S, and with contrasts of up to 100. The modeiing results showed that at 
steady-state conditions (dehed when rzSI4Tt s 0.01) the flow to the pumphg weii becomes 
horizontal and the incremental induced discharge, (AQi - Aq ), for any layer is directly 
proportionai to Ti (Le., Ki x A@. 
From the modeling results of Javandel and Witherspoon (1 969). Molz et al., (1 989, 
1990) developed Equation 4.3 so a dimensiodess K/R profiie could be calculated with 
flowmeter data, where K represents a vertical averaged K. A profile is obtained by 
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muttiplying the K/K values by K Molz et al., (1989,1990) suggest that R be obtained h m  
a fiüly-penetrating pumping test. In applying m o n  4.3, they used the same R to calculate 
the profiles for three flowmetered wells. 
4.4 BOREHOLE FLOWMETER DATA ANALYSIS FOR COLUMBUS AFB 
4.4.1 Hydra* Tests at the 1-Ha Test Site 
Hydraulic testing at the 1-Ha test site included several 20-minute pumping tests at 
each well. For each pumping test, eansmissivity values were calculated using the CJ 
equation and the Çooper-Jacob Straight-Lhe (CISL) method (Cooper and Jacob, 1946). CI 
transmissivity values were calculated with the drawdown at 20 minutes and an estimated 
storativity of 0.03 obtained h m  several large-scale puniping tests, wtiich Appendix B 
describes in detail. CJSL transmissivity values were calculated using drayvdown data of 
between approximately 3 and 20 minutes. For the majority of the purnphg tests the CJSL 
transmissivity was typicaliy 5 to 10 times higher than the CJ traosmi~sivity~ Figure 4.2 
illustrates results for two pumping tests. 
A likely expianation for the large discrepancy between the CJ and CJSL 
transmissivity values is positive 0ow-K) skin effects, which are described in Chapter 5. 
Evidence of low-K skin effects exists in the drawdown curves, which have considerably 
steeper semi-iog slopes at early times (between 1 and 3 minutes) than at late times (between 
3 and 20 minutes). Additionai evidence of 1ow-K skin effkcts are low transmissivity values 
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calculated h m  slug tests. Prior to each pumping test, slug tests were perfonned and 
analyzed using a modined Hvoalev method as coded by Thompson (1987). Slug test 
transmissivities averaged 3.5 cm2/s and were much doser to the CJ tmnsmïssivity values, 
than to the CJSL transmissivity values b r n  the pumping tests (Young, 199 la). 
4.4.2 SeIection of an Anaiysis Approach 
Based on the analysis of the pumping tests and slug tests, low-K skin effects appear 
to exist at aii weils. A possible cause of the low-K skin effects is backfiii part idy blocking 
the comection between one or more permeable aquifér layers and the weU screen. Because 
of the likely existence of low-K skin effects (to be discussed in detail in Chapter 9, 
equations 4.1 or 4.2 should not be used to caculate borehole flowmeter values. 
Use of Equation 4.3 is sûaight-forward except for the selection of K Approaches for 
calculating K include slug tests, multi-weil tests, and single-well tests. Because of low-K 
skin effects at the weils, slug tests will not provide a R representative of the undishilbed 
aquifer material. The option of My-penetrating multi-well pumping tests would help avoid 
skin-effects and has k e n  successfully used by Molz et al., (1989; 1990). 
The study of Molz et al., (1989, 1990) was performed in a more homogenous site 
than CAFB. A measure of aquifer heterogeneity is the merence obsenred among 
transmissivites obtained fiom multi-well and single-well pumping tests. Molz et ai., (1 990) 
obtaiwd a maximum merence of 40 percent between transrnissivity values caicdated from 
fûily-penetrating multi-well and single weil tests. The caiculated percent was based on a 
ratio of the difference the lower ofthe two values. A similar cornparison at Columbus, MS, 
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for weiis spaced about 5 meters apart pmduces clifferences p a t e r  than a 1000% (see 
Figure 4.3): 
Figrire 4.3 'indicates that K values obtained h m  singIe-weil and mdti-weli tests at 
Columbus are not close enough to be considerd interchangeable. Because borehole K 
values should reflect aquifer hetemgeneity at the local scale, a selected value for K should 
be calculated with drawdown data from when the coneof-influence is near the pumping 
weil. The average diiration of the single-weil and multi-weU tests was about 0.3 and 3.0 
hours, respectively. Because of this time Merence, the R values h m  the single-well test 
should be more refiective of aquifi at the local scale than K values h m  the multi-weU 
tests. Based on the available data at Columbus, AFB the best method for caiculating 
borehole flowmeter Ki values is to use the profile approach with the R values obtained 
fiom a CJSL analysis ofa  short-duration single-well pumping test 
4.5 BOREHOLE FLOWMETER HYDRAULK CONDUCTiVITY VALUES 
Borehole flowmeter flow profiles were made using a 0.1-m long electromagnetic 
(EM) borehole flowmeter, which is described in Appendix C. Flow measurements were 
made at 0.3-m intervals pnor to and while injecthg approximately 22 L h i n  hto each well. 
Injection tests were used instead of pumping tests to maximize the saturated aquifer 
thickness. However, because of problems with the quality the injection test drawdown data, 
reiiable K values couid not be calculated for ali wells. To process the borehole flowmeter 
data, K values were obtaiaed fiom pumping tests perhrmed at each weLl. These pumping 
tests included drawdown data at 1-second intewals for a 20-minute penod. 
Because o f d i f f i c e s  in the sahnated @er thicknesses during the pumping tests 
(used for the R values) and the injection tests (used for y/R profiIes), the E& values were 
calculated in two steps. First, the Y values wekcalculated for aquifer layers saturated 
during the pumping tests using Equacion 4.3 and the Rvalue h m  the pumping test Second, 
K, values were calculated for the remaining aquifer layers, which were saturated during the 
injection but not the pumping tests, using the hear relation between the induced 
incremental discharge and values in Equation 4.3. 
The borehole flowmeter tests at the 37 wells produced 881 K values with an 
arïthmetic mean, a geometric mean, and a a2[ og(K) of 0.26 cmk, 0.032 d s ,  and 0.92, 
respectively. Appendix D presents the individuai K profiles for each weil. Figure 4.4 shows 
areai plots of the log(') field-based depth-averaged values for 2-rn intervals. The 54 to 56 
m MSL cross section has only a pamal log(K) field because of a 0.5 to I-m depression in the 
middle of the test site. In generating the 54 to 56 m MSL cross section, only l o g o  values 
from wells with K, values below 55 m MSL were used. 
4.6 EVALUATION OF THE TRENDS IN THE HYDRAULIC CONDUCTIVITY 
VALUES 
4.6.1 Resuits fkom Geologicd Investigations 
The location of the paleochanne1 in Figure 3.8 coincides with high log (K) values in 
the 60 to 62 m MSL cross section in Figure 4.4. An explanation for this alignrnent is that 
high logw) values represent the bedload deposits associated with the paleochanne1 show 
in Figure 3.8. This explanation is consistent with the relation between depth and width in 
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Equation 4.4 that Leeder (1973) obmed in 57 modern meanderhg rivers. Based on a 
meander width of 70 m h m  Figure 3.8, the depth ofthe river meander would be about 5.7 m 
and have a base near 59 m MSL. This elevation agrees with the Iowa boundary for the high 
values of l o g o  values in Figure 4.4 that coincide with the location of the meander- 
w = 6.8 (4-4) 
where: w = bankfU width (m) 
h = baaldull depth (m) 
Preservaîion of a fluvial channel at the top of the aquifer occurred because no other 
channek could have subsequently truncated or eroded its boundaries. Within the middle of 
the aquifer, preservation of continuous portiom of substantial bedload deposits would be 
l e s  likely because multiple channeis may have reworked the deposits. At the base of the 
scour in the Eutaw Formation, preservation of a bedload deposits could have, and appears 
to have, occumd. Within the middle of the scour (area Ui Figiw 4.4 tbat includes K values 
at 54 to 56m MSL) the aquifer is characterized by high log(K) values. By analog with the 
paleochanuel and the log(K) values for the 60 to 62 m MSL cross section, the high log&) 
values are presumed to be associated with bedload deposits fiom a fluvial channel. 
In short, the trends in the hi& values of l o g o  values are consistent with the 
presumed bedload deposits associated with fluvial channels as mapped nom the aerial 
photograph and a scour in an underlying clay aquitard The direct connection between 
idierred geological feahires and trends in the high l o g o  supports the resuits of the borehole 
flowmeter tests. 
4.62 Resdb from L q e - S d e  Recircalating Tracer Test 
In September 1989, a flow field for a recirculating tracer test was established by 
pumping welis 1,3,7, and 9 at 26.5 Umin and injecting the total 106 L/min discharge into 
weU 5 (Figure 4.1). Once the water table stabilized, a 21200-liter chioride solution was 
injected into Weii 5 and monitored for 170 hours by a network of multi-level samplers 
installed in selected wells. At each sampbg weii, groundwater samples were taken 
simultaneously at O.6-m vertical increments using a network of peristaltic pumps comected 
to the sampling tubes (Young, 1991b). Appendix E provides additional information 
regarding this large-scale tracer test. 
An objective of the chloride monitoring was to map the elevation and the arrival time 
of peak concentrations at each sampling weil. The wek were sampled at intervals inversely 
proportional to thei. distance fiom the injection well. Sampling intervals varied 60m <1 
hour for wells 13 and 16 to every 4 to 6 houn at wells 1 and 9. The exceptions were weUs 
32 and 7, which were inadvertently removed f?om the sampling schedule after 60 hours. 
Figure 4.5 shows the steady-state water-table con.îïguration and the times of the peak 
tracer concentrations across the test site. AU of the peak tracer concentrations, and almoa all 
the chlonde mas, was detected above 58 rn MSL. The mapped arrival times in Figure 4.5 
suggest that preferentiai tracer transport occuned toward weU3. Included on Figure 4.5 are 
numerically simulated arrival times for peak concentrations for a homogeneous aquifer with 
a porosity of 0.3 and a saturated aquifer thickness of 6.5 m. The numerical mode1 (see 
Linderfeldt and Wilson, 1993) generated a steady flow field based on the Theim equation 
@avis and DeWiest, 1966) and used random-waUc particle tracking to simulate groundwater 
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transport. The simdations included a longitudinal and a ttanmerse dispersXvity of 20 and 2 
cm, respectively. 
In the northwest quadrant, the pfedicted mival times are about ten times greater than 
the meanued arrivai times. This large merence confirms and helps to quantify that 
preferential tracer traasport occuxred through the upper aquifér towarà well3. The observeci 
preferentiai transport is coasistent with Figure 4.4, which shows that the region of the most 
prevaient hi& log&) values is in the upper aquifer between weiis 5 and 3. 
4.7 EVALUATION OF TEE MAG-E OF THE K VALUES 
4.7.1 Results from L~rgcScale Aqnifer Pumping Tests 
Without imposïng any consûaints of the hydraulic conductivity field, Cardweil and 
Parsons (1945) show that for radial flow, the effective hydraulic conductivity, Kee of a 
heterogeneous aquifer is bolmded by the hamonic acd arithmetic spatial averages of 
hydraulic conductivity weighted by the inverse square of their radial distance nom the 
pumping weil. Cardweli and Parsons (1945) define KeEof the aquifer as the K that gives 
the same flux uuder the mean spatial gradient between the well and the radius-ofXduence. 
Using results h m  multi-well pumping tests, a Ke,cau be calculated and compared to the 
weighted harrnonic and arithmetic averages of the borehole flowmeter K values. 
During June and Jdy 1989, Aquifkr tests ATI, AT2, and AT3 were performed at the 
1-Ha test site (see Appendix B for a detailed description of the field test and data analysis). 
Each pumping test included pumping Well 5 (the center weil in Figure 4.1) for 6 days, 
manualiy monitoring drawdown in the rernaining 36 wells, and automaticdly monitoring 
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drawdown in 7 of the 36 wek with pressure transducers (Young, 199 la). AT1 and AT3 had 
constant but Mirent ppumpui rates. AT2 had a cyclic pumping rate. At Iate times 
(> 100,000 s) aii three tests provided an effective trammissivity esthate between 32 and 
36 cm2/s. 
Baseci on the Theis type-curve fitting in Yomg (1991a), the arithmetic average of the 
calcuiated transmissivities ficorn obsewation weli data fiom AT1 and AT3 at times 10000, 
50000, 100000, and 250000 s are 81, 44, 39, and 36 cm2/s. The decreasing trend in 
traosmissivity values over tirne occurs because the cone-of-influence started within the 
highly pemeabie channel deposits and then gradually expanded into less pemieable deposits. 
For a saturated aquifet thichess of 6.5 m, the results of the large-de pumping tests 
provide a Iower value of 0.05 c d s  (Le. 32 cm2/&50 cm) and an estimated upper value of 
0.125 c d s  (Le. 81 cm2/s+650 cm) for the KeE0f the 1-Ha test. Using the weighting scheme 
of Cardwell and Parsons (1945), the range of0.0048 to 0.1785 d s  is calculated for the KeE 
of the l-Ha test site using the borehole flowmeter K vdues(based on K values beiow the 61 .O 
m MSL water table level for ATI, AT2, and AT3). Because this range includes the range 
calculated fiom the large-scde pumping tests, the magnitude of the flowmeter K values 
appear reasonable. 
Using K values fiom U traosmissivities fiom the low-rate single-weU pumping tests, 
an equivalent set of CJ-flowmeter K vaiues were generated. Using the weighting scheme of 
Cardweil and Panons (1945), the CJ-flowmeter K values have a range of 0.0003 to 0.0278 
c d s  for Ken Because the upper LMit of this range lies below the lower iimït of the range 
fiom the large-scale pumping test, the CJ-flowmeter K values are too I o w a  result 
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consistent with the presumption that low-K skin effécts exist and cause problems with using 
the CJ equation for flowmeter d y s i s .  
4.7.2 Resdts %rom S d S c a l e  Recircdating Tracer Tests 
Tnicer tests 1 to 3 (Table 4.1) were designed to collect concentration breakthrough 
data nom the most contiguous permeable zone between weils. Each test included 
establishing a steady flow field, introducing a tracer slug in the injection weii, and 
monitoring tracer breaktbrough at the observation weUs. Appendix E provides a detailed 
description of the field test and data anaiysis. Table 4.2 Lists the arriva1 times and 
magnitudes of the peak concentrations predicted using the numerical mode1 and aquifer 
conditions d e m i i d  previousIy. The predicted values are compared to values obtained fiom 
the tracer concentrations in the total discharge fiom the withdrawal weiIs. The order-of- 
magnitude dinerences between the predicted and the measured arriva1 times suggests 
preferentiai flow paths between weiis. 
Evidence of preferentiai groundwater flow exîsts in both the flowmeter and 
concentration profües taken during the tracer tests. As an example, Figure 4.6 provides the 
flowmeter pronles for Tracer Test 1. The data indicates that the two main intervals of 
groundwater transport are located near 56 and 59 m MSL. To monitor the tracer 
breakthrough at selected aquifer zones, mdti-level samplers were instded in the weiis and 
sampled with a network of peristaltic pumps. 
Figure 4.7 shows examples of tracer bnakthrough data for Tracer Tests 1 to 3 at 
selected wells. The results indicate that the tracer moved preferentiaily through la tedy  
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contiguous zones of high-K mataiai. At the zones of p r e f d  tracer movement, sdïicient 
data exists to estimate adminimum K vaiue rrquued to produce the obsexved tracer 
breakthrough times. To esth& this K value, horiu,ntaI groundwater flow is presumed. 
With this presumption, Equation 4.5 can be used to calculated a lower K value for the 
aquifer intervals with the tracer breakthrough data. 
Table 4.1 Description of Tracer Tests 
--- - 
Tracer Tracer 
 est volume Conc- Injection Weil Pumping WeU(s) 
l (liters) 
1 1744 800 16 @ 37.8 L/minl 5, 13, 14, 19 
2 4077 800 12 @ 30.9 L/minl 10,8,24,25 
3a 1218 800 21 @ 11.4Llmin 17 
3b 3247 800 18 @ 18.9 Umin 2 
3c 3247 800 20 @ 18.9 L/min 11 
5 21200 1500 5 @, 106 Wminl 1,3,7,9 
' Purnping weUs supplied equal amounts to met the injection rate. 
Notes: a) Bromide was tracer for tests 1 - 3. 
b) Chloride was tracer for test 5. 
c) Tracer Test 4 not discussed in dissertation 
d) For Tracer Tests 1 to 3, no monitoring weiis were located between the injection 
and the withdrawal well, 
e) Radial distance fiorn injection weU to withdrawai weil varied from 3.5 to 6.75 m 
for tests 1 - 3. 
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Table 4.2 Magiiitiidcs and Arrivai Times of Peak Tracer Concentrations 
Withdrawal Weii (radial 
distance from injection 
weii) 




Measured in the 
Total Dischargez 
- - -  
Hom 
3.2 
~ 1 . 3  
1.5 
<1 .O 
1 Based on 15-minute averages. 
Sampiing fiequency was approximately one sample per hou. 
In Equation 4.5, R is easily m e a d  and tp is estitnated fkom the tracer breakkough 
cuves. The value of Jt cannot be measiued. However, because a tracer particle spends 
proportionaily more time in the regions of low gradients (near the midpoint of two wells) 
than of high gradients (near each well), an upper bound for Jt is Js. In solving Equation 4.5, 
Js was used for Jt. The value for Js was calcdated h m  the constant water table elevations 
at the injection well and at the appropriate wittidrawal weU. The effective porosity q was set 
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to 0.3 based on resuits of 84 minimally-disnnkd soil cores h m  the nearby MADE site 
(Boggs st ai., 1992). J 
where: K = lower value for the average hydrauiic conductivity of the aquifer zone of 
tracer transport 
R = distance between the weus 
tp = time of peak mer concentration (note: tp is p a t e r  than the time 
required for a tracer particle to move between the two w e k  dong the 
shortest streamline) 
q = effective porosity 
.Tt = the average spatial horizontal hydraulic gradient, Js, expenen~ed by a 
tracer particle. In a uniforrn flow field, Jt = Js. For a converging or 
diverging flow field, an upper bound for Jt is Js. 
In Figure 4.8, the tracer-based K values are compared with the borehole flowmeter 
K values at correspondhg elevations at the injection and withdrawal wells. In generai, the 
tracer-based K values are within a factor of 2 of the borehole flowmeter K value at the 
withdrawal weil. Given the large horizontai and vertical variability in the aquifer's physical 
parameters, the comparisoos in Figure 4.8 are very good The tracer breakthrough data 
iilustrates the need for three-dimensional K values and also supports the magnitudes of the 
borehole flowmeter K values. 
4.8 CONCLUSIONS 
Results of recircuiathg tracer tests at Columbus AFB demonstrate that the arrange- 
ment of high-K deposits grezttiy impact gromdwater flows at the scdes of 3 to 50 meters. 
Results of field tests show that the borehole flowmeter method is effedive for identwg 
regions of high-K deposits. Because the asuifer is highly heterogeneous and the 1ow-K skin 
effects exkt at the weils, altemative methods for analmg flowmeter data can lead to very 
different K values. At CoIumbus, the Y/Rprufile approach is used with Kdetermined &om 
a Cooper-Jacob Straight-Line (CJSL) analysis of a sho&xm pumping test An implication 
of the field tests is that because prefere~ltial flow in hi&-K deposits can signincantiy impact 
groundwater transport, borehole flowmeter data or some type of comparable data would help 
improve the design of groundwater remediation systems in heterogeneous fluvial quifers. 
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Figure 4.1 Network of 3 7 Wy-penetrating wells at the 1 -Ha test site at Columbus AFB, 
Mississippi (see Figure 3.8 for location at CAFB). 
Figure 4.2 Application of the Cooper-Jacob (CJ) equation and the Cooper-Jacob 
Straight-Line (CJSL) method for calculating transmissivity values for two 
sets of single-weil drawdowa dam 
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Figure 4.3 The effect pumping well location on the caiculated transmissivity at f o u  
observation weiis. Data fiom Young (1991ab). Calculated tranSTIUssivity 
values are from Theis type-cwe matching for muiti-well pumping tests and 
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OEPTH-AVERAGED 
HYDRAULlC CONDUCTNITY 
-0.2 < log K < 0.7 
1 -0.9 < log K < -02 
-1.6 < h g  K < -03 
m -2.3 < hg  K < -1.6 
1 -3.0 < 109 K c -2.3 
11 -3.7 < log K < -3.0 
-4.4 < log K < -3.7 
- -5-1 < log K < -4.4 
Figure 4.4 Depth-averaged l o g o  cross sections based on the 881 borehole fiowmeter 
hydradic conductivity values. Circles denote weU locations. 
* INJECTlON SITE (Q = + 106 LitersMio.) 
A WITHDRAWAL WELL (Q = -26.5 Liters/Min.) 
MONITORING WELLS WKH MULTl-LEVEL SAMPLERS 
-61- POTENTîOMEfRIC CONTOUR (m MSL) 
NOT IN ( ) - ARRIVAL TlME MEASURED IN FIELD 
IN ( ) - ARRIVAL TlME PREDICTED FOR 
HOMOGENEOUS AQUIFER 
Figure 4.5 Meanired and predicted times for peak chloride concentrations across the 
weli network for Tracer Test 5, a large-scale reckculating tracer test with a 
central injection weil and four withdrawal weUs. Chloride data coiiected nom 
mdti-level samplers W e d  at ail well locations. Potentiometric contours 
represent steady-me conditions during Tracer Test 5. 
- - - - - - - 
PERCENT OF TOTAL FLOW 
Figure 4.6 Profiles of the steady-state horizontal flow as measured by the 
electmmagnetic borehole flowmeter at injection well 16 and the four 
withdrawal welis diiring the reckculating Tracer Test 1. 
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Figure 4.7 Examples of tracer breakthrough data collected with multi-level samplers in 
withdrawai weUs for Tracer Tests 1,2, and 3. 
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Figure 4.8 Lower estimate of hydraulic conductivity based on tracer test data compared to borehole flowmeter 
hydrciulic conductivity values for selected aquifer intervals of rapid tracer transport between wells 
observed during 'l'racer Tests 1-3. 
S. POSITIVE: SKIN EFFECTS 
5.1 INTRODUCTION 
An important asmmption regarding the d y s i s  of slug tests, pumping tests, and 
borehole fîowmeter tests is a good hydraulic comection between the well and the adjacent 
aquifer. Positive skul effects are the result ofa reduction in hydraulic conductivity, K, nez  
a well caused by driihg andor well installation. If positive skin effects are not identifieci 
or minimlled, then mors may be introduced in the analysis of field data. 
The chapter focuses on the impacts that positive skin effects have on hydrauiic well 
tests at CoIwnbus Air Force Base (CAFB), Mississippi. Field data were collected from two 
sets of wells. One welI set included 37 wek scattered across a 1-Ha test site intersected by 
a paleochannel. The other well set included seven pairs of closely-spaced welis located 
within and near a 300-m long section of the paleochannel. Before presenting weil test 
results, the paper provides a general ovewiew of the CAFB aquifer and the well installations. 
These o v e ~ e w s  are provided because aquifier characterimcs as weli as driuing methods, 
backfiil materïals, and well developrnent procedues contribute to the formation of positive 
skias. WeU test results are then presented to ülu~tfate approaches for detecting positive skin 
effects and to demonstrate that unrepresentative aquifer K values can be calcdated b m  weii 
test data if positive skin effects are ignoreci. 
5.2 BRIEF DESCRIPTION OF CONDITIONS 
/ 
5.2.1 The CAFB Aqaer  
Shown in Figure 5.1 is a paieochanne1 that intersects two tests sites at CAFB. Based 
on information in chapters 3 and 4, the simple sedimentological mode1 in Figure 5.2 is 
proposed for the CAFB aqiiifer. At the base of the paleochanne1 are coarse-grained channel 
Iag, scour pool, and chute bar deposit, dose location in a coarse-grained meandering system 
are shown in Figures 5.3 and 5.4. Above these depotits are fine-gmined flood deposits that 
nIled the meander channei after its abandoment. Associated with the convex regions of 
the paleochannel are pointbar deposits. Associated with the concave regions of the 
paleochanml are fioodplain and backwater deposits. Based on borehole flowmeter tests and 
geometric relationships for meander channels provided by Leeder (1973), the base of the 
paleochannel has been estimated near 59 m MSL in Chapter 4. Below 59 m MSL, the 
aquifer is presumed to be a mixture of braided a d o r  meandering river environments. 
The effective transmissivity of the CAFB at the regional scale has been estimated at 
30 cm2/s using the latetirne results of drawdown responses h m  large-scale pumping tests 
discussed in Appendix B. Large-scale trends in aquifer properties inferred nom early-time 
drawdown responses h m  the pumping tests in Chapter 6 and h m  borehole flowmeter tests 
in Figure 5.5 suggest a correlation between large-scale K patterns and the paleochannel. 
Specifïcally, hi& K values (e.g. 1 .O to .1 cmls) are associated with the paieochanne1 coarse- 
grained deposits, 1ow K vaiues (e.g. 5 0.001 cmls) are associated with the fine overbank 
deposits in the concave region of the paleochannel, and moderate K values (0.02 to 0.002 
cm/s) are associated with point bar deposits in the convex region of the paleochannel. 
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5.2.2 Test Sites 
The 37 weUs at the 1-Ha test site (Figure 5.5) were installed in 1988 and 1989. 
Rotary wash, air percussion, cable tool, and hoilow stem auger drill methodç were used to 
installll, 147, and 5 of the wek, respectively. AU Wells  were constructed h m  scheduie 
40 PVC pipe with 0.025-m slots a 0.3 l8sm spacings and backfïlled with distiirbed asuifer 
material (e.g. naturai baclcfjii). Each weii was developed for approximately 3 hours using 
over pumping, back washg, and mechanid flushhg floung, 199 la; Young et al. 1993a; 
Rehfeldt et al. 1989). AU wells were comtructed h m  scheduie 40 PVC pipe with 0.025-cm 
slots at 0.3 18-cm *spacings. 
Analyses of borehole flowmeter tests performed at the MADE site (Rehfeldt et al., 
1992) and the and 1-Ha test site (Young, 1995) produceci ciiffirent conclusions regarding the 
importance of positive s h  effects and the hydrological signincance of the paleochannel. 
To help resolve the cause for the merences, seven pairs of closely-spaced welis were 
located at positions shown in Figure 5.1. For each well pair, a weil was installed through a 
15.2-m OD hoiiow-stem auger and bacHilied with dimbed aquifer material and another 
weil was installed through a 30.5an OD hoiiow-stem auger and back6iIed with pea-gravel. 
5.3 INVESTIGATIVE APPROACH 
5.3.1 Previous Investigations 
Previous investigations conceming positive skin effects at CAFB have focused on 
well development (Rehfeldt et al., 1989; Young et al., 1993a). Field tests included 
perfomiing flowmeter tests afkr  weil installation, d e r  initial well development, and after 
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additional cycles of wd deveiopment At most of the wek, large dinerences were observed 
between flowmeter profles for no well development and for 1-hour of weii development 
The differences observed among the wuences of flowmeta pro& suggest that weIi 
development is achieved with a three-hour protocol involving over pumping, back flushing, 
and mechanid sur- Result of the investigations indicate that weli development beyond 
the protocol had oniy a minimal impact on borehole flowmeter profiles. Because of wncerns 
regarding positive skin effécts? the author has pedormed additional weii development studies 
involving hydraulic jetting. These test results indicate that minor benefits, if any, would be 
gained by the addition of hydrauiic jetting to the weii development protocol. An important 
conclusion fkom these investigation is that weUs at CAFB have been properly developed. 
53.2 Vertical Heterogeneity Influence on Positive S h  Effeets 
In heterogeneous aquifers similar to the CAFB aquifer, the K for the backfïll matend 
should be greater than the K of the most permeable aquifer deposits near the well. Iftbis not 
be the case, the b a c m  materid wiii partidy obstnict the hydraulic connecbon between the 
aquifer's penneable zones and the well screen. If sunicient low-K materiai is relocated 
between the aquifer's high-K zones and the well screen, then a positive skin effect will be 
produced. 
Because n a t d  b a c u s  were used at CAFB, positive skins are Likely to form where 
thick zones of low-K materiai overlie hi- deposits. A location where th is  situation is 
prevalent is in the paleochannel. In the paleochannel, hi&-K charnel-lag deposits directly 
underlie several meters of 1ow-K channel-nll deposits. As part of the data analysis, the well 
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location relative to the paieochanne1 WU be considemi as a f i r  that affects the formation 
of positive skia effects. 
53.3 Positive Skin Eneeb Impact on CaicuJated Triiisrniss~ty Values 
Three approaches commonly used to calculate transmissivity values are the Cooper- 
Jacob (CJ) equation (Cooper and Jacob, 1946), the Cooper-lacob straight line (CJSL) 
method (Cooper and Jacob, 1946), and ~~e mtching with the Theis solution (Theis, 
1935). For an ideal pumping test nsponse fiom a homogeneous quifer, the calculated CI, 
Theis, and CJSL transmissivity values should be the same because they are based on the 
Theis (1935) weli solution. As d i s c d  by Butler (l!BO), transmissivity values calcuiated 
fiom these rnethods can M e r  in a non-donn transmissivity field because the approaches 
weight portions of the drawdown data Merently. For instance, the CJ equation includes 
total drawdown but ignores the rate of change in drawdown whereas the CJSL methods 
includes the rate of change in drawdown but ignores the total drawdown. 
A consequence of positive skins are head losses near the welI duriog pumping 
conditions. Because the CJ equation detemùnes ûmsmissivity based primarily on 
drawdown, a U transmissivity based on data h m  a weii with positive skin effect should be 
lower than the actuai aquifer transmissivity. However, because the CJSL method is sensitive 
to the rate of change in drawdown, which is d e c t e d  by the skin effect at late times, a 
CJSL transmissivity should be refiective of the aquifer achial transmissivity in spite of 
positive skh effects. Because it includes both the total drawdown and the rate of change in 
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the drawdown, Theis curve-matching shouid provide tmmnissivity values betweea those 
/ 
estimated using the CJ equation and the CJSL method. 
5.4 BOREHOLE FLOWMETER TESTS AT THF, SEVEN PAIRED WELLS 
5-4.1 Drawdown Res ponses 
Figures 5.7 and 5.8 illustrate pumping test results for two well pairs Iocated inside and 
two weii pairs located outside the paleochannel, respectively. Tables 5.1 and 52  summak  
the flow rates, total drawdowm, and specinc capacities for aü of the pumping tests. At the 
weU outside the paieochanne1 boundarïes (weU pairs 76 and 78), the bacmed and gravel- 
packed wells have similar drawdown curves and specific capacities. At the wells that 
intersect the paleochanne1 (wek 41 and 72), the oannal back6üed weUs hrad more drawdown 
and 50% lower specinc capacities than the gravel-packed weiIs. 
5.4.2 Vertical Flow Distributions 
Shown in Figures 5.9 and 5.10 are flow distributions for six of the seven well pairs. 
Consistent with the drawdown results is that the paired weli outside of the paleochanne1 have 
similar flow distributions but the paired welis in the paleochannel bave different flow 
distributions. For the paired weiis in the paleochmel, the greatest dinerence in fïow 
between the backfïlled and gravel-packed wells occur above the elevation of 60 m MSL-a 
region associated with the hi&-K channel Iag deposits in the sedirnentological model. At 
the four weiI pairs located in the paleochaunel, the gravel-packed welis had an average of 5.5 
times more flow above 60 m MSL than did the aaturaily baclcûiled wells. 
Table 5.1 Drawdown Resdts h m  Each Weil Pair 





















































~ C O O ~ P J ~ C O ~  equation. 
'~oopedacob straight line method. 

















I t,"C I Average Transmisçivity (cm2/s) 
Outside Paleochannel 
Gravel pack 1 75.2 1 42.0 1 12.1 ( 0.29 
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5.4.3 cdcdated Trnasmiu~ty V&es 
For ail of the 14 weiis at weil pair locations, CJ and CJSL transmissivity values were 
caiculated fiom the drawdown data The CI transmissivity values were calculated with 
drawdown vaIues measured at 1800 seconds and an assumeci storage coefficient of 0.1 (based 
on the assumption of Rehféldt et al., 1992). The CJSL üansmïssivity values were calculated 
using the rate of drawdown change for data d e r  an elapsed t h e  of 200 seconds. AU 
pumping-test analyses were perfored on drawdown data conected for dewatering of the 
unconfineci quifer by applying the Jacob correction factor (Jacob, 1963). 
Similar CJSL transmissivity values are calculated at the paired wells in spite of large 
differences in drawdowns between some of the wells. An extreme Uistance occm at well 
pair 72 where the specific capacity is 5 times greater for the gravel-pack weU, but the CJSL 
transmissivity values near 50 cm2/s were calcdated for both the nahu?ii backfïIled and 
gravel-packed weiis. As shown in Tables 5.1 and 5.2, the CJSL transmissivities values are 
near 3 cm2/s for the wells outside the paleochannel and near 42 cm% for the wells inside the 
paleochannel. The aeariy 15 fold difference in the average CJSL transmissivity values is 
amibuted to the 1- to 2- meter layer of high-K (> 0.1 c d s )  channel-lag deposits in the 
paleochannel. 
At well pair locations outside the paleochannel, the CJ transmissivity values are about 
1 cm2/s less than the CJSL traasmissivity values at both the gravel-packed and naturally 
backfilled wells. For the wells in the paleochannel, the CJ transmissivity values are about 
30 cm2/s less than the ClSL transmissivity values with greater merences o c c ~  at the 
nahnally backfîlled weils. 
5.4.4 Discussion of Resdts 
The possiiility that n a d  bacms pmmote positive skins was investigated by 
comparing weU responses at closely spaced weiis that differed in their backfïil material. A 
premise for the investigation was that if low-K material in the naturai bacldill pariiaily 
obstnicted flow to the weU, then différent weU responses should occur ifthe naturai b a c m  
was replaced with a high-K grave1 pack 
At the well pairs located outside the pdeochannel boundaries and thus in a region of 
relatively low transmissivity, no systematic differences in weU responses were evident 
between the weiis with a nahnal backfïii and with a gravel-pack. The sunilar weil responses 
suggest that the natriral b a c m  has sufncient permeability to avoid contributhg to positive 
skin effects. 
At the well pairs Located within the paleochame1 boundaries and thus in the aquiferys 
highest transmissivity regions, systematic ciifkences occurred between weUs with a nannal 
backfill and with a gravel-pack At aU four well pair locations, the gravel-packed-welis had 
signincantly lower total drawdown and higher flows fiom the channel lag deposits than did 
the bacWed wells during pumping conditions. Positive skin effects are believed to have 
been caused during the formation of the natural bacWs  when low-K , fine-grahed 
deposits fiom the upper quifer moved downward into the weU mulus where they partiaily 
obstmct the hydraulic connection between the hi&-K channe1 lag deposits and the well 
screen. 
To help quant@ the possible enors to borehole flowmeter K values that positive skin 
effects could cause, two sets of fiowmeter K pronles were calculated using data fkom weiis 
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at location 73. One K data set is based on the CJ equation and fiorneter data h m  the 
naturally backfiiied well. The other K data set is based on the CJSL method and fî owmeter 
data h m  the gravel-packed weil. As shown in Figure 5.1 1, the two &ta sets diffa the most 
above 59 m MSL. Above 59 m MSL, the CJ K values are ofien 100 and are occasionaiiy 
1000 times smder than the USL K values. Among the implications of such large 
diffierences is the representativeness of the borehole flowmeter K values and conclusions 
presented by Rehfedt et al., (1992) for the MADE site. The fiowmeter K values presented 
by Rehfeldt et al., (1992) are based on data coliected in augured weUs with natural backfïIls 
and analyzed with the CJ equation. Among the conclusions of Rehfiedt et ai., (1992) is that 
the paleochanuel is oniy a surficial feature. 
Although the investigation indicates that the replacement of nahiral bacld5.U with a 
gravel-pack reduces positive skin effects, the investigation falls short of uidicating that 
augered wells with grave1 packs are fke of positive skin effects. The large dinerences 
between the CJ and CJSL transmissivity values calcuiated for the gravel-pack wells in the 
paleochanoel suggest that positive skin effects exist in spite of the gravel-pack. Additional 
causes for positive skin effects besides b a c W  material are: 1)head losses associated with 
groundwater flow through disturbed aquifer material beyond the gravel-pack; and, 2) head 
Iosses associated the converging flowpaths required to direct groundwater through the 4% 
open area of the 0.025-cm slotted PVC weil pipe. 
With regard to all sources of head losses during pumping, funue studies focused on 
minimi7ing positive skin effects at CAFB and other tests sites should extend beyond b a c u  
type and include the drilling method and weil screen type. Compared to drilling methods that 
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involve the advancement of a protective d g .  auguring caws  greater Mer disturbance 
(Morin et ai.. 1988; KeeIy and Boateng. 1987a,b). Hence, head Iosses asociatca with 
disturbed aquSer material beyond the gravel-pack should be less if weiis are installed 
through a protective casing than ttnough a holIow stem auger. Discroil(1986, pg 405) states 
that the percentage of open area in a weil screen should be at least equal to aquifèr porosity, 
which at CAFB is greater than 30% (Boggs, et al., 1990). Headlosses that occur in and near 
the weil screens in the coarse paleochanne1 deposits w o d d  be reduced by replacing the 
-25-mm slotted PVC pipe with a 50-mm continuous slotted pipe with an open area of 30%. 
5.5 WELL TEST RESULTS FROM 1-Ha TEST SITE 
5.5.1 Approach to Identirying Positive S b  Effects 
In the previous section, positive skin e f f i  were identified by comparing changes in 
flowmeter test caused by changes in well co-ction at closely spaced weil pairs. In this 
evaluation, an evaluation was perfomed on the effect of changes in weU construction dects 
the calculated K values. An aitemative approach to idenw positive skin efficts is to 
evaluate how the values of K associated with a well (or a series of wells) is affected by 
changes in the weii test or by the method of calcuiating K. This latter approach includes 
comparing results fiom different weli tests a d o r  Merent analysis methods. An example 
of the formet wodd be comparing results from slug tests to pumping tests whereas as 
example of the latter would be comparing resuits k m  Theis type-curve matches to Cooper- 
Jacob straight line fits. The numerous weli locations and weli tests performed at the 1-Ha 
test site (see Table 5.3) provides ample oppominity to evaluate whether positive skin effects 
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are significant by cornparison ofthe trends d Mes associated with d i f f a a i t  K data sets. 
Among the most important of the K data sets are those h m  large-scaie pumping tests 
because these provide the best estimate of the effective K for the 1-Ha test site. 
Table 53 Chronology of Dinereat Pumping Tests at the 1-Ha Test Site during 1989 
Dates Saturated Aquifer Weii Testing Activity Thickness 
I 
1 
Multi-weU Pumping Tests 
AT1 May 18-23 6.7 m 
AT2 June 1-6 6.6 m 
AT3 June 30-July 7 6.5 m 
Slug Tests Apd 18 7 2  m 
1 
Muiti-rate Single-Weil Pumping Tests 
Phase 1 June 13-29 6.6 m 
Phase 2 July 14-28 6.5 rn 
Borehole Flowmeter Meanirements April20-28 7-1 m 
5.5.2 Large-Scale Aqaifer Tests 
During June and July 1989, Aquifer tests AT1, AT2, and AT3 were performed at the 
1-Ha test site (see Appendix B). Each pumping test included pumping Weii 5 (the center 
weii in Figure 5.6) for 6 days, manually monitoring drawdown in the remaining 36 weIis, and 
automatically monitoring drawdown in 7 of the 36 weiis with pressure tramducers (Young, 
199 1 a). AT1 and AT3 had constant but di£Ferent pumping rates. AT2 had a cyclic pumping 
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rate. At late times ( > 100,000 s) ali three tests provided an effective tramjssivity estimate 
between f2 and 36 cm2/s. 
Based on the Theis type-curve nFting in Young (1991a), the aritbmetic averages of the 
caicuiated transmissivities fiom observation weli data fÏom AT1 and AT3 at times 10000, 
50000, 100000, and 250000 s are 81. 44, 39, and 36 cm2/s. The decreasing trend in 
transmissivity values over time is attniuted to the cone-of-influence beginnuig in the highly 
permeable channel deposits and then extending ?O less penneable deposits. Figure 5.12 
illustrate these slope changes for AT3. A detailed explanation for the slope changes is 
provided by Young(199 Ib), who discusses the effects of transmissivity variations at CAFB 
on observed changes in drawdown dope for severai pumping tests. For a saturated aquifer 
thickness of6.5 m at the test site, the d t s  of the large-sde pumping tests provide a lower 
value of 0.05 cm/s (Le. 32 cm2/&50 cm) and an estimated upper value of 0.125 cm/s (Le. 
8 1 cm2/s+650 cm) for the KeE of the l -Ha test site. 
5.53 Evaluation of Drawdown Data 
In an effort to evaluate the sensitivity ofcalcdated hydtaulic parameters to pumping 
rates (to be discussed in Chapter 7), appmrCimately 3 pumping tests were completed at each 
of the 37 wells. For the 115 pumping tests, transmissivity values were calculated using the 
CJ equation (Cooper and Jacob, 1946), the CJSL method (Cooper and Jacob, 1946), and 
curve matching with the Theis solution (Theis. 1935). The CJSL method was applied to 
between 200 seconds and 1000 seconds. The CJ-equation was applied with the drawdowns 
at 1200 seconds and a storage coefficient of 0.03, which was calculated fiom large-scale 
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pumping tests at the 1-Ha test site (Young, 199 Ia,b). The Theis equation was fitted to the 
drawdown curve fiom 10-30 seconds (time d e r  which wellbore storage e f f i  should be 
negiïgible) to 1000 seconds. For corn pl et en es^^ Theis type-curve matching was performed 
on a hear as well as on a logarithmic t h e  d e -  The hear scale has the effect ofweighting 
late-the data more tha.  the bgarithmic scaie. Figure 5-13 illustrates the results produced 
by applying these techniques to example drawdown Cumes. 
For a homogeneous @et, a semilog plot of the timedrawdown response should plot 
as a straïght Lue after an elapsed time greater than 3s /.04T, where r is the well radius, S is 
the storage coefficient, and T is the t r d s s i v i i t y  (Cooper and Jacob, 1946). However, for 
aimost ail of the pumping tests the achial tirne before the drawdown data approximates a 
saaight-line is 10 to 1000 times greater than the theoretical time as determined fkom the 
vaiues of S and T calcdated fhm the Theis c w e  matches. This delay suggests that a low-K - 
region exists near the weii. 
Figure 5.14 compares the CJ and Theis transmissivity vaiues to the CJSL transmissivity 
values. As may be expected for wells with positive skin effects, the CI and the CJSL 
transmissivity values had the lowest and highest averages, respectively. On average, the 
CJSL transmissivity values were about 8 times greater tlpn the CJ transmissivity values. 
Based on the d t s  fiom the closely spaced weU pairs? the greatest dBierences between the 
CJ and CJSL transmisnvities should occur in the paleochannel. The test results confirm this 
expectation as the weiis with the largest differences were ai l  located in the paieochannel. 
The geometnc means for the eansmissivity values calculated fiom the lowest-rate 
pumping test data are 37, 1 1, 10, and 7 cm2/s for analyses based on the CJSL method, log- 
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Theis type rnatchhg, linear-Th& type matching, and the CJ eqyation, respectively. Given 
a Iower bound of 33 cm2/s for the average transmisSivity of the I-Ha test site based on large- 
scale pumping test at the site (Young, 1995% 1991a,b), the CJ and Theis tmmnissivity 
vaiues appear too low whereas the CJSL transmissivity values appear reasonable. These 
r e d t s  support the hypothesis that at welis with positive skh effects, the CJSL 
transmissivity vaiues are more representative of the actuaI aquifer transmissivity values than 
CJ transrnissivity values. 
55.4 Statisticd Properties of the Borehole Flowmeter K Vdues 
Without imposing any constraints on the hydraulic conductivity field, Cardweil and 
Parsons (1945) show that for radial flow, the effective hydraulic conductivity, KKefF of a 
heterogeneous aquifer is bounded by the harmonic and arithmetic spatial averages of 
conductivity weighted by the inverse square of their radial distance nom the pumping weii. 
Cardwell and Parsons (1945) define KeEof the quifer as the K that gives the same flux 
under the mean spatial gradient between the Weil and the radius-~~infiuence. Using results 
fiom large-scale pumping tests, a KeE cau be calcdated and compared to the weighted 
harmonic and arithmetic averages ofthe borehole flowmeter K values. For this cornparison, 
a set of borehole flowmeter K values were calcdated based on the CJ and CJSL 
transmissivities nom the low-rate pumping tests. 
Figure 5.15 shows the range for KeEcalcdated fiom the large-scale pumping test data 
and h m  the weighting scheme of Cardwelî and Parson (1 945) for the CJ-flowmeter K and 
the CJSL-flowmeter K values. The data shows that with respect to the resuits h m  the large- 
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scde pumping tests, the CJSL K values appear reasonable but that the CI K values appear 
too low. This d t  indicates th& positive ski-  effects are introducing a low bias into the CJ 
borehole flowmeter K values. 
5.5.5 Trrinsmiss~ty Vdues From $hg Tests 
Slug tests were conducted by injecting 23 liters of water into a weii and monitoring the 
water-level changes with a pressure trailsducer. Figure 5.16 provides example weil 
responses. 'Ihe responses in Figure 5.16 are typical of those predïcted by Hvorslev (1% l), 
who assumed negligible quifer storage and a f i t e  radi~s-o~inauence. Given the good 
agreement between theory and observation, a Hvorslev solution h m  Thompson (1987) was 
used to calculate a transmissi* value h m  the stug-test data. The arïthmetic and geometric 
mean for the transmissivity values are 3.5 and 3 2 cm%, respectively. These values are 
approxhately 10 times less than the effective transmissivity values h m  the pumping tests. 
A possible cause for the straight-line responses in Figure 5-16 are positive skins effécts. 
Using a solution by Cooper et al., (1967) that accounts for aquifer storage and has an innnite 
radius-of-influence, Chiriin (1989) shows that for a firlly-penetmting weli in an unconfined 
isotropic aquifér with a storage coefficient greater than 0.00 1, slug test responses should plot 
with a concave cuwature. Hyder et al., (1994) and Hyder and Butler (1994) show that a 
straight-Iine slug test response for a well M y  penetrating an unconfined aquifer can be 
caused by a positive skin effect c- by a s m d  finite d u s  with negligible storage 
properties. Hyder et al., (1994) suggest that Uidicators of positive skin effects are a good 
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Hvorslw fit and a systematic deviation between the Cooper et al., (1967) model and the slug 
test data. & 
The conclusion that the slug test traasmissivity values are more refiective of a 1ow-K 
zone near the welIs than the naturai aquifer can be explained by the numerical simulations 
of Faust and Mercer (1984). These simulations show that ifpositive skin effeçts exia at the 
weiI, then the transnssivity caladateci fiom a s 1 ~  test ismore likely to refiect the pmpetties 
of the disturbed rather than the undisturbed quifer. 
5.5.6 Discussion of Resuits 
Evidence that positive skin effects exkt at most, if not all, of the 37 weils at the 1-Ha 
test site include: 1) slug-test transmissivity values that typically range fiom 1 to 3 cm2/s; 
2) good matches between the Hvsorlev solution and slug-test data; 3) delays in the iinear 
behavior of the semilog timeslrawdown plot of the pumping test &ta; 4) CJ transmissivity 
values h m  pumping tests that are typicaiiy below 10 cm2/s; 5) an unreaso~bly low values 
of based on CJ borehole flowmeter K values; 6) order of magnitude differences between 
CJ and CJSL transmissivity values calcdated fiom the same data; 7) CJSL transmissivity 
values h m  pumping test that are typicdy above 30 cm2/s; anci, 8) a reasonable range for 
qn based on CJSL borehole flowmeter K values. 
5.6 CONCLUSIONS 
Signifiant positive skin eEects exkt at some of the nanuaUy backfïiIed welis at CAFB. 
Notable impacts that are caused by positive s b  effects at CAFB include the reductions in 
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specinc capacity values, low tmwiivity values b r n  slug testsy d i n i c e s  between CI 
and CJSL transmissivity values, and changes in the borehole flowmeter fiow profiles. Weil 
development studies suggest that over pumping, mechanical nnging, back flushing or 
hydraulic jettiag can not totally remove the skin effect caused by a natural backfill. 
Two factors that contributeci to the formation of positive skin effécts were the site 
location and the materiai used to backfill the weil. Outside of the paleochannel boundaries, 
the aquifer pemeability is suftïciently Iow d o r  uniform so that positive skin e f f i  do not 
appear to exist at welis with either a natural b a c m  or a gravel-pack Within the 
paleochannel boundanes positive skin effects occinred at the natural b a c n e d  wells. A 
cause for these positive skin effect appears to be partial blockage of the hydraulic comection 
between high-K channe1 Iag deposits and the well screen by low-K matenal in the b a c u  
that was reiocated diiring weil instaliation. Within the paieochanuel, the replacement of the 
natural back6i.l with a grave1 pack reduced the positive skui effects. 
One impact nom positive skins is an increased drawdown during pumping. If not 
recognized, the increased drawdowns will cause the aquifer tranrmissivity to be 
underestimated if the CJ equation is used to calculate transmissivity. As show with field 
data in this paper, an appropnate method for calculating h?insmissivity fiom drawdown at 
wells with positive skin effect is the CJSL method. At both the MADE and 1-Ha test site, 
the CJSL method was successfully used to negotiate positive skin effects and produce a 
representative transmissivity for the undisturbed quifer materiai. 
A second impact of positive skia effects is changes in the distri'bution of horizontal flow 
to a weil during pumping. At CAFB, this impact cannot be quantified but is known to 
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preferentially hinder flow fiom the aqpifier's most permeable Iayers. Because this second 
impact cannot be properly negotiated with any anaIysis technique, proper weii iostallation 
and development is a perquisite for representative borehole flowmeter resuits. Methods 
useful for detecting positive skin effects at CAFB that may pmve useful at other sites 
include: cornparison of transmissivity values calculated fiom different methods fiom the 
same drawdown ciwe; cornparison of weil responses h m  closely spaced wells of different 
well construction; and, cornparison of weii responses h m  hydrauiïc tests with different 
volumes of influence- 
Figure 5.1 Aerial photograph of CAFB site showing locations of the 1-Ha test site and 
seven weil pairs relative to the paleochannel. 
Figure 5.2 Schematic of the regional features associated with the sedimentologicd 
model. 
Figure 5.3 Coarse-grained point bar, showing sediment bodies and related features (after 
McGowen and Garner, 1970). 
Unit 2 
Unit 1 
Figure 5.4 (a) Vertical sequence that characterized coarse-grained point bars. The four 
units represent scour pool deposits (l), lower point bar (2), chute bar (3), and 
floodplain (4) (Modified fiom McGowen and Garner, 1970.) 
(b) Generaiized cross section shows a transverse profile across the coarse- 
grained point bar. (Modined fiom Brown et al., 1973 .) 
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Figure 5 -5 Average borehole flowrneter K values for the interval of 60 to 62 m MSL at 
the 1-Ha test site (fiom Chapter 4). 
Figure 5.6 Location of 37 weils at the 1-Ha test site. 
Figure 5.7 
Figure 5.8 
Drawdown results for gravel-packed and naturally-bacwed w e h  at 
locations 41 and 72 inside the paleochanne1 (see Figure 5.1 for weli 
placement). 
Drawdown d t s  for gravel-packed and naturaUy-backfUed weils, the 
locations 76 and 78 outside the paleochannel (see Figure 5.1 for well 
placement). 
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Figure 5.9 Borehole fiowmeter profiles at gravel-packed and naturaiiy-bacldilled weiis 
that intersect the paleochanne1 shown in Figure 5.1. 
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Figure 5.10 Borehole flowmeter profiles for gravel-packed and naturally-backfilled wells located outside the palechannel 
boundaries shown in Figure 5.1. 
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Figure 5.11 Cornparison of flowmeter K values f?om gravel-packed and n a d y -  
backfîlIed wells at location 73 inside the paleochanne1 (see Figure 5.1). 
ïime (s) 
Figure 5.12 Tïedrawdown responses at five observation weh during A m e r  test AT3. 
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Figure 5.1 3 Appiication of Theis type-curve fi&, the Cooper-Jacob (CJ) equation, and the 
Cooper-Jacob straight-line (CJSL) method for dcuiating transmissivity 
vaiues for two single-weU pumping test perfonned in the 1-Ha test site. 
Figure 5.14 Ftequency distribution of the ratio between the CJ and Theis transmissivity 
values to the CJSL transmissivity values calcuiated for 115 single-well 
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Figure 5.15 Cornparison of the arithmetic and harmonic means for 668 CJ and for 668 
CJSL K values with results of a large-scaie pumping test 
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Figure 5.16 Slug test results h m  My-penetrating wells at the 1-Ha test site that 
illustrate a classical Hvorslev response. 
6. IMPACTS OF PUMPING TEST DURATION ON TRANSMISSTVITY VALUES 
/ 
6.1 INTRODUCTION 
Fluvial aquiférs consist of sediments deposited in a wide range of depositionai 
environments. As a resuit, fluvial aquifers are heterogeneous and 'can be viewed in a 
hierarchical scale accorduig to their spatial architecture (Mid, 1988a,b; 1989; 1990). The 
possibiiity that many? if not most, flwiai aquifen have large-scale trenddpattems in their 
hydraulic conductivty (K) fields is signifiant to many field characterizatioa activities, 
including the design and analysis of pumping tests. 
This chapter primarily concems the d y s i s  of pumping test data fiom an unconfined, 
fluvial aquifer underlying the Columbus Air Force Base (CAFB) in Mississippi. R e d t s  
firom large-scale pumping tests show that the location of the pumping well relative to a 
preserved paleochannel (see Figure 6.1) affects both the calculated hydraulic properties (e.g., 
ûansmïssivity and storage coefficients) as weil as the aquifer structure (e.g., unconfineci, 
confined, leaky) inferred fiom the tirne-drawdown data. Flowmeter and tracer test results 
&om the MADE and the 1-Ha (see Figure 6 2 )  test sites indicate that the paleochannel 
represents a zone of high tranmissivity. The complexity of the aquifer transmissivity field 
requires that the pumping test rinalyses extend beyond conventional type-cwe matchhg and 
include: 1) a sedimentological mode1 to help delineate plausible transmissivity patterns; and, 
2) the Cooper-Jacob straight iine (CJSL) analysis method (Cooper and Jacob, 1946) to 
estimate changes in the transmissivity field fiom the pumping test data 
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Before presentiag the pumping test data, the large-de -ssivity variations at 
are descn'bed and numerid simulations involving the potentid impact of delayed 
gravity drainage and transmissivity changes are presented. Following this background 
matenal, the pumping test data are analyzed using two appmaches. The first approach 
accounts for a sirnpüfied fom of imsatinated flow but ignores ttansmissivity variations. The 
second approach accouzlts for a simplified form of bransmissivity variations but ignores 
unsaturated flow- 
6.2 A SEDIMENTOLOGICAL MODEL 
A simple but reasonable sedimentologicai mode1 for the CAFB aquifer described in 
Chapter 5 is illustrated h Figure 6.3. At the base of the paleochannel shown in Figure 6.1 
are coarse-grained channel lag, SCOUT pool, and ch* bar deposits- Above these deposits F e  
fine-grained sediments that filled the meander charme1 after the channel was abandoned. 
Associated with the convex and concave regions of the paleochannel are pointbar and 
cutback\overbank deposits, respectively. 
Based on an equation h m  Leeder (1973) and a 70-m width for the paleochiinnel, a base 
elevation near 59 m MSL is estimated for the channel lag deposits. Below 59 m MSL, the 
aquifer is presurned to be a mixture of coarse-grained flwiai deposits from braided andor 
coarse-grained meandering rivers. Show in Figure 6.4 are results of a continuous core fiom 
a borehole that intenects the paleochannel. The vertical profile of grain-size distribution 
shows that the coarse-grained deposits are interlayered between fine-grained sediments 
associated with the channel-fïU and the Eutaw Formation. Near 59 m MSL in Figure 6.4 
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there is no obvious changes in grain-size disttl'butiom to madc an erosional StIfface -ated 
with the paleochannel. The lack of a definable transition between charme1 lag deponts and 
older aiiuvium is atûi'buted to the channel lag representing reworked duvium best 
differentiated h m  o k  duvium by its sedimentary structures. 
6 3  LARGE-SCALE TRANSmSlvITY VARIATIONS 
63.1 Borehole Flowmeter Tests 
Shown in Figure 6.5 is the log (Q field based on these borehole flowmeter K values for 
the upper portion of the saturated CAFB aquifer nom 60 to 62 m MSL. The high-K wne 
coincides with the location of the paieochannel channe1 lag deposits. On the convex and 
concave regions of the pdeochannel are areas of moderate K values and low K values, 
respectively. With respect to the sedimentological model, the low K values are associated 
with overbank/flood deposits and the moderate K values are associated point bar deposits. 
To support the continuation of the high-K chanwl-lag deposits h m  the 1-Ha site to the 
MADE site, borehole flowmeter tests performed at gravel-packed welis at weil pair locations 
72 and 73 are shown in Table 6.1. Consistent with the presumption of hi&-K channel lag 
deposits above 59 rn MSL is that the majority of inflow at the two gravel-packed wells 
occurred above 59 m MSL. Analysis of this and other flowmeter data confimis that K values 
near 0.5 c d s  consistently exist above 59 m MSL within the paieochannel at both the l-Ha 
and the MADE site. 
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Table 6.1 Verticai Profile of Flon mto Sand-Packed WeUs M e a s d  by 
Il Elevation \HeD nl (m MSL) Weii 73 ' 
Note: Constant pumping rate at Weil72 was l 1 1 L/min 
Constant pumping rate at Weii 72 was 115 L/mh 
l see Figure 6.1 for weii locations 
6.3.2 Tracer Tests 
To investigate the effect of the heterogeneous K field on groundwater flow at the 1-Ha 
test site, a five-spot tracer test was perfomed and is described in Appendix E, Section 5. 
The flow field was created by pumping equal amounts nom Wells 1, 3, 7, and 9 while 
injecting the total amount into Well 5. Once the flow field stabiiized, a tracer slug was 
injected into Wells and monitored for several days using multilevel sampling devices at 
selected weiis. Analysis of the tracer data revealed a strong preferentiai flow in the upper 
aquifér toward the north west. At weiis located in the northwest quadrant of the site (e.g., 
Wells 6, 26, 3, 2, and 18 in Figure 6.2), significant tracer concentrations were measined 
above 58 m MSL but no tracer was detected below 58 m MSL. Tracer breakthroughs 
occurred at ali seven weUs at about ten times sooner than expected for a homogeneous 
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aquifer. The skewed vertical distn'bution of trafn and the rapid tracer breakthrough at mils 
in the northwest quadrant is consistent with high K values above 59 m MSL in the 
paleochannel. 
To help investigate hydrodynamic dispersion in heterogeneous aquifers, Boggs et al., 
(1993) perfonned a naturai gradient test at the MADE site. The tracer slug was injected at 
the designated location in Figure 6.1 dong the cross section A-A'. The sampling network 
consisted of 328 multi-level sampling weiis. Figure 6.6 shows a vertical pronle of tritium 
concentrations tbrough the MADE sampling network for t h e  times. At 27 and 132 days, 
the plume occupied the entire aquifer thickness between the injection location and a 
longitudinal distance of 20 m. At 132 days, the portion of the plume downgradient of 20 m 
was confinecl to the upper aquifer above 58 m MSL. At 224 days, the plume was above 58 m 
MSL within the paleochannel boundaries but occupied the entire aquifer thickness outside 
of the pdeochannel's boundaries. 
An interesting feature of the tritium plume is the skewed tracer concentration field. At 
224 &YS, although the plume nont has advanced 225 meters, the majority of the plume mass 
rernains near the injection location. Beyond longitudinal distances of20 m and 50 m, the 
maximum concentrations are 1 .O% and 0.1% of the injected concentration, respectively. The 
skewed tracer profiles suggests that a n o n - d o m  velocity field exists dong the longitudinai 
cross section. Support for large-sale differences in the groundwater fiow pattern is given 
by Boggs et ai., (1993), who provides an estimated near-field velocity of 5 m/yr and a mid- 
to far-field velocity of 128 m/yr for the tritium plume. 
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A possible explanation for the skewed tracer plume is aquifer heierogeneity. In light of 
the K patterns impl6it in the sedimentological model, most of the major plume féatrnes can 
be explaiaed, The slowest tritium movernent o c c d  near the injection location b u s e  the 
tracer was injected into low-K cutbanldoverbank deposits in the concave region near the 
paleochannel. Approximately 25 m domgradient of the injection location, the tritirmi plume 
moved toward the upper m e r  and became more dilute because groundwater converged 
toward and fiowed through the permeable chamet lag deposits. Once in the permeable 
channe1 lag deposits, the tritium remained in the upper aquifer mtil the plume reached the 
paleochanael boundary at a longitudinal distance of 150 m, at which point a vertical 
diverging flow spread the tritium plume across the entire aquifer depth. 
6.4 DESCRIPTION OF LARGE-SCALE PUMPING TESTS 
To help design and interpret the tracer test and borehole fiorneter tests at CAFB, the 
ten large-scale pumping tests listed in Table 6 1  have been perfomed Eight of the tests were 
conducted in the 1-Ha test site (see Figure 6.2). Three of the pumping tests involved pumping 
Well 5 (AT1 to AT3) for about 6 days and monitoring dl 37 wells in the 1-Ha test site 
(Appendk B). For AT1 and AT3, nine obsemation weus had pressure transducers and the 
remaining weils were monitored manually with an electric tape. For AT2, nine pressure 
transducers were shifted every two days. The pumping tests at Weil 16 (AT4 to AT7) 
included monitoring the four closest wells with pressure transducers. The pumping test at 
Well 12 (AT8) included monitoring the six closest weils with pressure transducers. 
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At the MADE site, two pumping tests (see Figure 6.1 for location) had durations pater 
than 12 hours. The MADE1 pumping test included 12 partiaily-penetrating observation 
wek  dong three rays extending oibward fiom weiI PW1. Four of the weils wen monitored 
with pressure transducers; the remahhg weUs were monitored manuaiiy with an electric 
tape. The MADE2 aquifer test incIuded 15 partially-penetrating observation weh. Five of 
the welIs were monitored with pressure transducers, two of the weils were monitored with 
chart recorders, and the rernaining wek were monitored rnanually with an electric tape 
(Boggs et al., 1990,1992). 
Figure 6.7 shows drawdowns caused by pumping tests at five different pump well 
locations (see Figure 6.1). The variations among the shapes of the drawdown cuves suggest 
different aquifer models (i.e., confked, unconfhed, leaky) and a range of transmissivity 
values. If each pumping test was analyzed independently by different professiomis, an 
inconsistent set of aquifet structures and parameters would be generated 
Geohydrologists analyzing data fiom pumping tests at Wells 5, 16 and PW2 likely 
would use type cmes for unconfbed aquifers (Neman., 1972,1974,1975) because of the 
sigrnoidal-shaped drawdown ciwes. Geohydrologists analyzing data fiom the pumping test 
at weli PW1 iikely would use type curves for a Leaky aquifer (Hantush, 1956) because of the 
flat drawdown response at late tirne. Finaliy, geohydmlogists analyzing data fiom the 
pumping test at Weii 12 likely would use type curves for a confined aquifer (Theis, 1935) 
because of the constant semi-log slope at intermediate and late times. 
Table 6.2 Puming Tests Conducted at the TWO Test Sites 
Pump Rate Duration Date 
Test weii (L/min)   OUT) Remark 
AT1 5 68 144 5/89 
AT2 5 68 144 6/89 Cyciic Pumping 
AT3 5 112 144 7/89 
AT4 16 36 12 1 0/9 1 
AT5 16 12 12 1 0/9 1 
AT6 16 35 12 1 0/9 1 Injection 
AT7 16 12 12 1 0/9 1 Injection 
AT8 12 24 12 6/92 
MADE1 PWl 62 72 3/85 
MADE2 PW2 208 192 7/85 
6.5 CONSIDERATIONS FOR ANALYZING TBE PUMPING TEST DATA 
Based on the sedimentologicd model, Wcer test data, and borehole flowmeter data, 
significant transmissivity variations exist in the aquifer. Coasequently, an important 
consideration in the analysis of purnping test data is the location of the weiis with respect to 
the regions of hi& and low traPmiissivity. 
Because Weil PWI is located on the concave side of the paleochannel-a region 
associated with overbank aod cutbank deposits of low transmissivity-the apparent le* 
aquifer response fiom the PWl pumping test in Figure 6.7 may have occuned because the 
cone-of-influence staaed in an area of low transmissivity and spread into regions of high 
transmissivity associated with the pdeochannel. Similady, sigmoidal-shaped aquifer 
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response for the pumping tests involving Wells PW2, 5, and 16 in Figure 6.7 may have 
occurred because of aquifer heterogeneity. In these instances, the cone-of-innuence wouid 
have started in a high transmissivity region associateci with the paleochaunel and then spread 
into regions of Iower traosmissivity associated with point bar and cutbank deposits. 
The effect of transnissivity changes on drawdown responses can be demonstrateci 
analyticdy. Figure 6.8 shows dtawdown c w e s  fiom welis in a hypotheti~aily~ confineci 
aquifer consisting of three concentric rings ofdiffefent M s s i v i t y  and storage properties 
(Liu and Butler, 1990). The changes in the semi-log slope occur when the radius of influence 
approaches and leaves a boundary between zones of dinering hydraulic properties. A 
constant slope indicates that one zone is contributhg the majority of flow to the weU. Using 
the guideluies provided by Butler (1990), CJSL method can be used to estimate variations 
in the ûansmissivity field. 
Assuming that the CAFB aquifer is unconfined and is heterogeneous, a paramount 
question afTecting data analysis is whether the most representative transmissivity values are 
obtained with an aaalytical solution that ignores ûansmissivity variatiom but can account for 
a simplified form of unsaturated flow [i.e., delayed gravity drainage theory by Neuman 
(1 972, 1974, 197511 or with an analytical solution that ignores unsaturated flow but can 
account for simple transmissivity variations [i.e., CJSL method by Cooper and Jacob, 
(1946)l. Because of the complexity of this issue, the numerical simulations were performed 
to help guide and support the analysis of the pumping test data. 
6.6 NUMERICAL INVESTIGATION OF TRANSMISSIWN CEANGES AND 
DELAYED DRAINAGE H ON. PUMPING TEST RESULTS 
The n u m d  code selected for simulating the pumping test was the finite 
differenceffite element code FRAC3DVS (Therrien and Sudicky. 1996). An attractive 
feature of FRAC3DVS is the use of Line elements to accurately and effectively represent 
pumping wells as desebed by Sudicky et al. (1995). Several data sets have been used to 
check the numerical schemes employed by FRAC3DVS. With respect to unconfïned flow, 
the FRAC3DVS code has been verified using the dy t i ca l  resuIts of Kroszynski and Dagan 
(1975) and the numerincal simulations of Akhdunni and Gillham (1992) (see Figures 6.9 and 
6.10). With respect to eansmissivity variations, the FRAC3DVS code has been verified 
using the analfical solutions for pumping tests in aquifers with transmissivity patterns 
invoiving concentnc rings (Liu and Butler, 1990) and iinear strips (Butler and Liu, 1991). 
6.6.2 Numerical Simulations 
To investigate the cause for the sigrnoidal-shape drawdown response, aquifer parameters 
reflective of conditions at the paieocfianne1 were used in the numericd simulations. Based 
on sediment descriptions (Figure 6.4) and flowmeter K values (Figure 6.5). a representative 
three-layered quifer model was used (Figure 6.1 1). The top mode1 layer represents the 2-m 
thick, low-K, clayey material associated with overbouik and channel fiU deposits. The middle 
model layer represents a 1 . S m  thick, high-K, well-connected, coarse-grained channel lag 
deposits within the paleochannel. The bottom model layer represents a 6.5-m thick, 
moderatex graveiiy materid that represents a mixture of fluvial deposits fiom several 
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fluvial subenvironxnents. Based on field measurements, an initiai watec tabie depth of 2.5 
/ m was used. A horizontal K of O.OQ cmls was assigned to the mtmne of fluvial deposits 
based on the arithmetic and geometrïc mean of 88 1 flowmeter K values at the 1-Ha test site 
(Young, 1995a) and the Iate-tirne, depth-averaged K calcuiated fiom large-scale pumping 
tests (to be discussed Iater). A horizontal K of 0.83 c d s  was assigneci to the channe1 lag 
deposits based on the most permeable 1 -5-m zone in the upper aquifer at 13 wek (e.g., Wells 
1,2,3,5,6, 9, 1 1, 19,26,28,30,33, and 36). A horizontal K of -0000 16 cm/s was assigned 
to the clayey materiai based on grain-site data and a limited number of laboratory 
permeameter tests. For ali mode1 layers, the vertical K was set to 25% of the horizontal K. 
To caicuiate unsaturateci flow, the van Genuchten parameters in Table 6.3 were used to 
describe the pressure head-saturation and saturation-relative K relation for the different 
mode1 layers. The parameters for the clayey deposits are those provided by van Genuchten 
(1978) for a Beit Netofa Clay. The van Genuchten parameters for the CAFB fluvial deposits 
estimated by running the code SOILPROP (Mishra et al., 1989) with CAFB grain-size data 
and by reviewing moimire retention relation for sandy andor graveiiy material like those 
provided by Akindunni and Gillham (1 992). 
Table 6.3 Parameters for Estirnithg Unsaturated Properties 
11 1 - Top Layer .446 .286 0.2 1.59 
11 2 - Middle Laver -35 .OS 2.2 1.85 
3 3 0, = totai porosity (m /m 1. 3 - 
8, = residual moisture content (m3/m'). 
a = a value for van Genuchten fiinction (van Genuchten, 1978). 
n = n value for van Genuchten fimction (van Genuchten, 1978). 
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To minimiïe the nquired cornputer resources by 75%, the numerical mesh for the 
pumping test represented only the northeast quadrant of the hypotheticd aquifer. A 025-m 
ID fUy-screened pumping weU with a constant pmping rate of 120 litedmin was located 
at the origin (d, y=û). A variable hite- difference mesh was used Horizontal grid spacing 
was 0.05 m near the weil but increased to 100 m near the model boundaries at 1300 m. 
Vertical spachg was 0.125 m near top of the saturated aquifei: but increased to 1 m near the 
base of the quifer. n e  finite difference grid had a total of 34425 elements. No-flow 
boundaries were set at aii six sides ofthe modd domain to ensure that a l l  pumpage originates 
fiom storage. A specifk storage of -0005 (XII-') was used throughout the model and is based 
on the range of compressibilities provided by Freze and Cherry (1979) for sand. 
Numerical simulatiom were perFormed for three différent trammissivity fields. The 
benchmark simulation represents the Iayered aquifer system shown in Figure 6.1 1 that has 
a transmissivity of 1 12.5 cm2/s. The benchmark system was modined to create the linear and 
radial changes in transmissivity shown in Figure 6.12 by changing the K assigned to the 
middle model layer nom 0.83 cm/s to 0.042 d s  at hear and radial distances of 25 m fiom 
the pumping well, respectively. 
6.63 AnaIysiP of Numerical Simulations 
The simulated drawdowns for the three transmissivity patterns are plotted on semi- 
logarithmic axes in Figure 6.1 3. For the benchmark case (layereà aquifer in Figure 6.1 1 ), the 
drawdown plots for the pumping and observation weUs are straight-lines after 300 and 900 s, 
respectively. Application of the CJSL method to the pumping weli data nom 600 to 6000 s 
2 produces a h'aosmssivity of 112.6 cm /s, which is witbin 0.1% of the 112.5 cm2/s 
transmissiviity of the hypothetical asuifer. The lack of a sigmoid-shape cirawdown response' 
indicates that delayed gravity drainage WCWS rapidly enough such that, for ail practical 
purposes, the data can be anaiyzed with the Theis solution. As shown in Figure 6.13, this 
conclusion is valid for the case reducing the pumping rate and K values by 75%. A 
ramification of the benchmark simulations is that because of the high permeability of the 
channel lag deposits and the other fluvial deposits, delayed gravi*/ drainage would not be 
çufFcient to produce the sigrnoidal-shape drawdom cespoll~e~ for pumping tests perfomed 
in the pdeochannel. 
Unlike the effects of unsaturated flow, the effects of areal heterogeneity are readily 
shown in the drawdown plots. For both the hear and radiai case, the trmsmïssivity 
reduction at 25 m produces a significant siope increase at approximately 1800 S. For the 
radiai case, the slope of the drawdown response gradually increases &er 1800 s until 
approximately 18000 s, at which tirne the drawdown response begins to plot again as a 
straight iine. Application of the CSJL method fiorn 1800 to 180000 s produces a 
2 transmissivity of 32.7 cm Is, which is within 2% of the low transmissivity shown in 
Figure 6.12. 
For the radial case, a sûaight-line respo~l~e does not exist between 1800 and 18000 s 
because the predominant source of well discharge is changing from the high to the low 
tmnsmissivity zone. Because the linear case has a signincantly greater area associated with 
the high traosmissivity zone than does the radiai case, the transition period is longer and the 
dope change is more gradual. Although visual inspection of Figure 6.1 1 suggests that a 
straight-iine response exists after 60000 s for the hear case, the dope Ïs slowly changing 
over time. Because the radius-of-uiauence can not leave the high transmissivity zone, the 
slope for the linear case wili asymptoticdIy approach the dope for the radial case. A 
regression anaiysis of the dcawdown data ktween 150000 and 18000 s for the iinear case 
produces a ttansmissivity of43.8 cm2/s. This transmissivity represents a weighted average 
of the transmissivity for the two zones fiom which weii pumpage originated during the 
300000-s period. 
6.6.4 Summary of R e i m t  Impacts 
Based on aquifer parameters that characteriz the highly trammissive deposits in and 
near the paleochannei, delayed gravity drainage does not have a signiscant effect on 
drawdown response. This conclusion is consistent with the numericd simulations of 
Akindunni (1987) for a hypotheticai sandy aquifer with an average K of 0.06 c d s .  For al l  
practicd purposes, he demonstrated the Theis solution was appropriate because of the quick 
release of drainage fiom the unsaninited zone. 
Because delayed drainage effects are negligible, the Theis solution is appropnate to 
analyze the CAFB the pumping test data collected in and near the paleochannel. Field 
evidence tbat supports applying the CJSL method and the Theis solution to pumping tests 
at CAFB are excellent Theis type curve matches for the cyciic pumping test AT2 (Figure 
6.14) in the paieochanne1 and the Theisian drawdown responses for the pumping test at Weii 
i 2 (Figures 6.7 and 6.16) near the paleochannel boundary. 
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6.7 ANALYSIS OF CAFB PUMPING TEST DATA USING TEE CJSL METEOD 
Shown i6 Figure 6.15 are d t s  for a pumphg test at Weil 16. A reasonabie 
explanation for the non-~heisian drawdown response is that the slope chaoges are caused by 
a decrease in the aquifer transmissivity beyond the pdmhannel bouudary. The dope of the 
£kst îinear segment suggests that during the initial 3000 s, the radius-of-influence passes 
through asuifet material with an effective transmissivity of near 65 cm2/s (T'able 6.4). After 
3400 s, the rate of change in the drawdown response ~ g g e s t ~  that the radius-~~ianuence is 
passing through aquifer material with an effective M s s i v i t y  near 30 cm2/s. 
In order to d e t h e  whether there are correlations between the transmissivity trends 
and the paleochannel location, drawdown rrsponses fkom the otha four pumping wells were 
analyzed with CJSL method, Figure 6.16 shows the drawdown curves for the other pumping 
wells, and Table 6.5 provides the result~ of the CJSL analysis. On close exatnination, one 
can deduce that the location of the pumping weU relative to the paleochannel affects the 
shape of the drawdown curve and the calculated transmissivity trends. 
Table 6.5 shows that the USL d y s i s  produces a transmissivity near 25 d / s  at late 
times for aii pmping test data. At early times, however, the highest transmissivity values are 
caiculated at the three weils located in the paieochannel and the lowest transmissivity values 
are dculated for the two weUs located outside the fonner river channel. These results are 
consistent with the premise that the transitions in the semi-log plots of the drawdown data 
are caused by the radius-of-influence entering and leaving the permeable sediments in the 
fonner river channel. The ciifference in the results for Wells PWI and 12 are attributed to 
their geological setting. WelI PWl is on the concave side of the paieochannel and therefore 
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more Wrely to be located in low K deposits than is Weii 12, which is on the convex side of 
the paleochame1 and the~fore iikely iocated in moderately permeable pointbar deposits. 
Table 6.4 CJSL Trriumiss~ty Values for AT4 
we. wUS 200 - 1000 seconds 3400 to 34000 seconds I D  w ~ l o p e  R T Slope R T 
-- - - 
16 .O3 - 1 6 ~ - 1  -98 69 
14 3.61 .14E-1 -97 79 
19 3.66 .ISE-1 -98 74 
13 3.86 .18E-1 .98 62 
5 4.6 .17E-1 .98 65 
26 12-76 NIA 
Note: Siope = semilog slope of a liw segment in Figure 6.16 
R = regession coefficient for the caicuiated slope 
T = transmissivity (cmh)  calculated h m  the CJSL equation 
NIA = not appiicable beside of low drawdown measurements 
Table 6.5 CJSL 'îransmiss~ties for MADEl, MADE2, AT3, AT4 and AT8 
Test Rate 
weU N~me (Umia) 
PWl MADE1 62 
PW2 MADE2 208 
5 AT3 112 
16 AT4 35 
12 AT8 24 
Early h e s  
, 
Duration T, R, 
(SI 
Late times 
- t h  T* R* 
Cs) 
* T - Tranmiissivity (cm2/s); R - regression coefficient 
100-1800 2 1.0 
100-8700 102 .96 
2000-250000 21 .93 
33000-500000 17 -97 
100-2500 99 .94 
100-2500 63 .98 
171-30000 27 .95 
5600-100000 23 .99 
3400-35000 29 .98 
171-30000 27 -95 
6.8 ANALYSIS OF CAFB P-UMPING TEST DATA USING D U -  GRAVITY 
DRAINAGE 
6.8.1 Theoretical Considerations 
A criterion associateci with purnping test d y s e s  is minimirring the residuai tetween 
the type curve and the field data. Care needs to be taken in that the correct type of model has 
been seIected before optimizing a typz-cuwe fit. A concem with ushg complex aquifer 
solutions such as Neuman type c w e s  is that they can accurately reproduce non-Thessian 
drawdowns caused by aquifer heterogeneity. For example, the simulated drawdown at the 
2.5-rn observation weli for the benchmark and hear sûip case has been satisfactorily fitted 
by Neuman type cwes  in Figure 6.17. 
Good curve matches such as those in Figure 6.17 could enoneously Iead 
hydrogeologists into thinking that the simple aquifer model used to develop the analyticai 
solution cuwe may Nniciently represent the real-world setiing. During type-cwe matching, 
one needs be mindful that a type-curve match only dehes aquifer panimeters that sirnulate 
a drawdowu response accordbg to the assumptions embedded in the analytical solution. 
Before assigning the type-curve parameters to an quifer, one needs to evaluate the defined 
parameters for consistency with other field data, a sedimentological model, an assessrnent 
of important flow processes. and consistency with results nom other typeswe fi&. 
6.8.2 Type-Curve Matchhg 
The matching of Neuman type curves to pumping test data fiom the 1 -Ha test was 
. performed with AQTESOLV (DuiEe14 1994). For most instances, the responses iike those 
in Figures 6.7 and 6.15 wen weii matched by a type curve. Results for the PW2 pumping test 
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at the MADE site were taken h m  Boggs et ai. (1990). A nrmmary of the caiculated 
hydraulic parameters is shown in Figure 6.18. Although a coasistent set of transmissivity 
values is presented, there is considerable variability in the calcuiated values for storage 
coefficient, S, and specific yieId, Sy. The twwrder magnitude range for both storage 
parameters, the inireaüstic low values near 0.007 for Sy, and the unrealistic high vaiues near 
0.0 1 for S, suggest the delayed yield mode1 has limited application at CAFB. Evidence that 
areai trends may exist in the transmissivity field Lies with the MADE2 resuits that show 
decreases in S and Sy with radiai d i s t a n c ~  result that can be paaiafly explained by a 
decrease in txmmisivity with distance. Additional concems with the general applicability 
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of the Neuman theory arise when pumping test data fiom outside the paleochannel are 
included When this is done, the range of traasmissivity, T, increases from a factor of 4 to 
100. 
6.8.3 Evaiuation 
The consistency and reasonableness of the hydraulic parameters fiom type-cwe 
analysis is an indicator of the appropriateness of the analyticd solution. If a wide-range or 
an unreasonable set of vaiues are obtained for any mode1 parameter, the applicability of the 
analytical solution should be questioned For instance, in order to obtain the good type-curve 
fits in Figure 6.17, unreasonable values were required for the storage coefficient (e-g., values 
greater thm 0.0 1) and for the ratio KJKh (e.g., values greater than 1 O). Similarly, the wide 
range of hydrauiic parameters h m  the Neuman type-cwe d y s i s  for the CAFB data 
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suggest that site conditions such as hetemgeneity predude the diable characterization of 
aquifier storage parameters by fitting pbping test data to Neumaa type curves. 
6.9 SUMMARY 
Multi-weil pumping tests were performed in a highly heterogeneous fluvial aquifer 
at Columbus AFB, MS. R d t s  h m  geological hvestigations, large-scale tracer tests, and 
borehole flowmeter tests indicate that transmisSivity variations are hclitmentally connected 
to the location of a paleochannel. Pumping test data show that the location of the pump weU 
can greatly affect not only the calculated hydrauiic properties but also the inferred aquifer 
structure (e.g. confked, Le*, and unconfined). Drawdown results fkom tests with the 
pumping well intersechg the former paleochanne1 exhibit the characteristic sigmoidal shape 
associated with delayed gravity drainage in unconfbed aquifers. Near perfiect Neuman type- 
curve matches are misleading, as aquifer heterogeneity is the major cause of the sigrnoidal 
drawdown responses at CAFB. Application of the Cooper-Jacob straight-line (CJSL) method 
to ciiffiirent segments of drawdown data fiom diffierent pump locations provide transmissiviity 
values, at early and late times, that are consinent transmissivity changes infe~ed nom field 
data. These results demonstrate that comprehensive purnping test analyses should include 
investigating whether areal heterogeneity is partially responsible for non-Theinan drawdown 
behavior. 
Figure 6.1 Location of two test sites at Columbus AFB, MS, superimposed on a 1956 
aerial photograph that reveals a paieochannel. 
Figure 6.2 Weii network for 1-Ha test site with location paleochanuel estimated by 
dotted he. 
Figure 6.3 Schematic of the regional features associated with the sedimentological 
model. 
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Figure 6.4 Vertical profile of grain-sue d i s tr i ions  at Weil 73 (ground surface is at 
64.9 m MSL). 
20 40 60 80 100 
X (meters) 
Figure 6.5 Ared pronle of borehole flowmeter K values for the uppermost 2 rn of the 
saturated aquifer at the 1-Ha test site (fiom Chapter 4). 
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Figure 6.6 Vertical cross-section of tritium plume at the MADE site for 27, 132, and 224 
days d e r  injection (modified fkom Boggs et ai.: 1993). 
Figure 6.7 Observation weii tirne-drawdown response h m  large-scaie aquifkr tests with 
different pumping weUs (see Figure 6.1 for location of pumping well). 
Figure 6.8 Drawdown responses in a hypothetical aquifet with hydradic properties that 
Vary with radial distance fiom the pumping weil. 
Figure 6.9 Comparison of results fiom FRAC3DVS and the analytical solution of 
Kroszynski and Dagan (1975). 
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Figure 6.10 Comparison of results h m  FRAC3DVS and the numerical results of 
A k i n d d  and Gillham (1992). 
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Figure 6.1 1 K values used in the numericd simulations to represent aquifër properties for 
a vertical cross section through the paleochannel. 
Radial Pattern Linear Strip Pattern 
Figure 6.12 Areal changes in transmissivity for three hypothetical aquifers used to 
simulate pump tests with FRAC3DVS. 
Figure 6.13 Simulated pump test drawdowns for hypothetical unconfined aquifer based 
at the pumping weil and an observation weli at a radial distance of 2.5 m. 
Time-drawdown response at the pumping weii and an observation weU 
(radial distance of 2.5m) for numerical simulated pump tests in an 
hypothetical unconfined aquifer. 
Figure 6.14 Theis type curve fit to data nom aquifer test 2, which includes a cyclic 
pumping schedule at Weil 5. 
WEU 16 PUMPED AT 34.8 UMlN 
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Figure 6.15 Time-drawdown response at the pumping weii and five observation wells 
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Figure 6.16 Tirne-drawdown data fiom the purnping weiis used in the large-scale 
pumping test designated as MADEI, MADE2, AT3, and AT8 (see Figure 
6.15 for results fiom AT4). 
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Fimure 6.17 Neuman Srpeturve fits to the simulated pump tests for the benchmark and 
linear strip cases show in Figure 6.1 2. 
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Figure 6.18 Values for t e i s s v i t y ,  specifïc storage, and specific yield fkom application 
of Neuman cuve fits to seven pumping tests iocated in the paleochannel. 
7. IMPACTS OF PUMPING RATE ON TRANSMISSIVlTY VALUES 
/ 
7.1 INTRODUCTION 
Traditional objectives for conductinglanalyzbg pumping tests have focused maidy 
on effective hydraulic propertîes at the regional scale in support of water-supply studies. 
Issues of scale and heterogeneity have been seconàary. Over the last decade? pumping tests 
have focuseci increasingiy on characterizhg aquifer spatial variability, mostly with a majority 
of testing pedormed in support of gmmdwater rernediation, Ifpumping tests are to become 
effective methods for characterizkg aquifer variabiiity, both theoreticai and field midies are 
needed to investigate pmdent application of pumping tests in heterogeneous aquifers. 
This chapter describes results fiom single-weii pumping tests in an unconhned, 
heterogeneous aquifer underlying the Columbus Air Force Base (CAFB) in Mississippi. At 
the 1-Ha test site, which is intenected by a paleochanael, several single-weii pumping tests 
were performed at 37 weiis. Based on the trends in the transmissivity values calcuiated h m  
the Cooper-Jacob straight-line (CJSL) method, the wek were divided into two groups. One 
goup was c-ed by CJSL üausmissivity valws that d .  with higher pumping 
rates. The other group was characterized by CJSL transmissivity values that increased with 
higher pumping rates. For both weU groups, order-of-magnitude changes in the CJSL 
transmissivity values occurred at severai weiis in response to changes in the pumping rate. 
Analysis of the field data and complementary numerical simulations show that CJSL 
transmissivity values can be sensitive to pumping rates for pumping tests in heterogeneous 
unconfined aquifers. 
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This chapter contains three main sections. The first section descn'bes the 1-Ha test 
site and largesaie transmissivity trends at CAFB. The second m o n  Summanzes results 
of 1 15 singie-weli pumping tests at 37 w e b  in the 1-Ha test site. The third section presents 
resuits h m  numerical simulations of single-well pumping tests to help expiain some of the 
trends observed in the field daîa. The intent of the paper is to demonsirate, using field and 
numericd results. that pumping rate can have a signifiant effeçt on CJSL transmïssivity 
calculated h m  pumping test data in a heterogeneous, unconfïned aquifer. 
7.2 BREF DESCRIPTION OF SlTE CONDITIONS 
7.2.1 Site Description 
The CAFB aquifer is composai of 10 to 12 m of fluvial Quatemary-age deposits, 
which consist primarily of highly heterogeneous coarse-grained deposits in the lower 8 to 
10 m and fine-grained deposits in the upper 2 to 3 m. Based on 88 1 borehole flowmeter K 
vaiues, Young (1995) estimated an arithmetic mean, a geometrïc mean, and a a2 w w  of 
0.26 c d s ,  0.032 c d s ,  and 0.92, respectively, for the deposits. The Quatenary deposits 
confomably overlie the Cretaceous Eutaw Formation, which consists primarily of marine 
clay and silt Seasonal effects cause the water table to Vary .fiofrom 1 to 3 m below ground 
surface. Regional geological information for the Columbus aquifer was obtained corn an 
Army Corps of Engineers archaeologicai study within the Tombigbee vaiiey (Muto and 
Gunn, 1988). The study suggests that braided streams and coarse-grained meandering 
streams formed the Columbus aquifer. Shown in Figure 7.1 is a 1956 USAF aerial 
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photograph that outlines a paleochannel that intersects test sites designated as the W E  
(Boggs ehl., 1992) aud the 1-Ha (Young, 1995) test sites. 
A simple sedimentologicai mode1 for the CAFB quifer proposed in previous 
chaptea is iliustrated in Figure 7.2. At the base of the paleochannel are coarse-grained 
chanwl lag, scour pool, and chute bar deposits. Above these deposits are fine-grained 
sediments that filled the meander channel after it was abandoned. Associated with the 
convex and concave regions of the paieochanne1 are point bar and cutback/overbank 
deposits, respectively. 
Based on an equation h m  Leeder (1973) and a 70-m width for the paleochannel, a 
base elevation near 59 m MSL for the charme1 lag deposits was estimated (Chapter 4). 
Below 59 m MSL, the aquifer is presumed to be a mixture of coarse-grained flwial deposits 
fiom braided ancilor coarse-graïned meandering rivers. Shown in Figure 7.3 are resuits of a 
continuous soi1 core fiom a borehole that intersects the paleochannel. The vertical profde 
of grain-size distribution shows that the coarse-grained deposits are sandwiched between 
fine-grained sediments associated with the channel-fiii and the Eutaw Formation. The lack 
of a definable transition between channel lag deposits and older aiiuvium near 59 m MSL in 
Figure 7.3 is attributed to the channel lag representing rewotked alluvium Uiat is best 
differentiated fkom other alluvium by its sedimentary stnictures. 
7.2.2 WeM Network 
The primary focus of this chapter is the 1-Ha test site, which includes thirty-seven 
5.0-cm ID My-screened PVC w e k  (Figure 7.4). Ail weils were coastnicted fiom schedule 
40 PVC pipe with 0.01-in slots and 0.12541~ spacers (se+ Appendix A). Each weU was 
developed for approximately 3 houn using overpumping, backwashing, and mechanical 
flushing (Young, 199 1 a; Young et ai., 1993a). Table 7- 1 iïsts hydrauiic tests Wonned at 
the 1-Ha test site in 1989. 
Table 7.1 Cbronology of Pumping Tests Pedormed at the 1-Ha Test Site in 1989 
San~ated 
Well Testhg Activity Dates Aquifer 
Thickaess 
Slug Tests April 7.2 m 
2-minute Single-weii Pumping Tests April 7.2 m 
Borehole Flowmeter Measurements April 7.1 m 
Mdti-well hunping Tests 
AT1 at well5 May 6.7 m 
AT2 at well5 June 6.6 m 
AT3 at well5 June-Jdv 6.5 m 
Multi-rate Single-WeU Pumping Tests 
Phase 1 June 6.6 m 
Phase 2 J ~ Y  6.5 m 
Shown in Figure 7.5 is the log&) field fiom 60 to 62 m MSL for the upper portion 
of the 1-Ha test site, as detecmined fiom borehole flowmeter K values (Young, 1995). The 
hi&-K zone coincides with the location of the pakochannel channel lag deposits. In the 
convex and concave regions of the paleochame1 are areas of moderate K values and low K 
values, respectively. Shown in Table 7.2 are changes in CJSL transmissivity values over 
time calculated fiom pumping test data coilected fiom the pumping weils shown in Figure 
7.1. The data 'show that the highest CJSL transmissivity values are fkom early-time 
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drawdown data coliected h m  the tbrrc pumping wells iocated withinthe paleoch=uinel. At 
these weîi locations, the CJSL transmissivity decreases over tirne. At the two wells iocated 
outside the pafeochannel, the CJSL transmissivity values rernain constant or increase with 
time. At late times, the CJSL transmissivity values are similar for ail wells, irrespective of 
their locatio~~ As show in Chapter 6, the changes in the CJSL transmissivity values over 
tirne are cawd by the expansion of dus-of-influence, & (to be discussed later), into or 
beyond the high-K deposits associated with the paleochannei. 
Table 7.2 CJSL TransmissiVities fiom the Drawdown Data Collected from 
Aquifer Tests MADEL, MADE2, AT3, AT4, and AT8 
1 Early times 1 Late times 
7.3 RESULTS E'ROM SINGLE-WELL PUMPING TESTS AT THE 1-Ha TEST SITE 
7.3.1 Description 
During stable water conditions in the summer of 1989, single-weii pumping tests 
targeted at high (-60 L/min), moderate (-30 L/min), and low (-15 L/mio) pumping rates 
WeU Test Rate Name @Je) b t i o n ( s )  T* R* Duration =, R* (SI 
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were perfonned at each of the w e k  in the 1-Ha test site. A total of 115 successful pumpiag 
tests were conducted. Reproducibiiity of the tests was checked by duplicatini several 
pumping tests. Each pumping test Iasted approrumately 20 minutes. Drawdown values were 
measured with a pressure transducer at 1- to 2-second intends. A problem encomtered 
during testing was maintliining a constant pumping rate at weiis where large drawdowns 
occuned At these wells, a constant pumping rate was typically established d e r  20 to 60 
seconds. 
73.2 Resuits 
For each single-weii test, transmissivity values were cdcuiated using the CJSL 
method after the Jacob correction factor (Jacob, 1963) had been applied for dewatering 
effects. For most of the drawdown curves, the t h e  internai for the CJSL method began 
between 100 and 200 seconds and ended between 900 and 1200 seconds. The CJSL method 
was appüed in a manner to account for wellbore storage (Cooper et al., 1967), aqufer storage 
effects (Cooper and Jacob, 1946), and positive skin effects (Young, 1996). 
Plots similar to those in Figure 7.6 show thait the dope of late-tirne semilog tirne- 
drawdown data varied with the pumping rate in some nonlinear manner at aii 37 weiis. At 
approxhately haifof the weiis, the traosmissivity values decreased with increased pumping. 
This trend can be pady explaineci by the desaturation of the aquifer. At the remauling half 
of the wells, however, the reverse occurred-the transmissivïty values increased with 
increased pumping. 
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The sensitivity of the calculated CJSL transmissivity values to the pumping rate 
varied considerably am09g the weli locations. At several wells, the CJSL transmisSivity 
values varied Iess than IO%, but at some weU locations, the CJSL transmissivity values 
varied over 10-fold. Figure 7.7 shows the e f f i  of the pumping rate on the CJSL 
transmissivity for severai of the most sensitive wek. A mapping of the CJSL trends in 
Figure 7.8 shows that the CJSL trends are not random. By assuming that inmases in the 
pumping rate accelerated the expansion of the Ri one can deheate regions of relatively hi& 
and relatively low transmissivîty nom the trends in the CJSL transmissivity values 
(Figure 7.8). A notable feature of the region of inferred high trannnissivity is that it 
corresponds to the mapped locations of the paleochannel in Figure 7.1 and the highX zone 
P 
in Figure 7.5. 
The field results show that an increase in the purnping rate can have a major impact 
on the caicuiated CJSL transmissiMty values causing them to either inmase or decrease. To 
help identify the reasons CJSL transmissivity values are sensitive to the pumping rate, 
numerical simulations are presented in the next section. To reduce the complexity and 
uncertainty associated with simulating and interpreting pumping-test redts,  model 
simulations were performed with a two-dimensional axisymmetric model. A premise for 
the simulations is that the transmissivity field at CAFB contains large-scale trends. To 
investigate the decreased CJSL transmissivity values with increased pumping rate for wells 
intersecting the paleochannel, model simulations were perfomed with a transmissivity field 
that has K decrease with radial distance fiom the weil. To investigate the increased CJSL 
tninsmissivity with increased pumping rate for wells outside but near the paleochannel, 
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model simulations were pafotmed with a transmissivity field that bas K increase with radial 
distaaie fiom the weU. 
7.4 CONSIDERATIONS FOR NUMERICAL SIMULATIONS OF SINGLE-WELL 
PUMPING TESTS 
Important issues associated with simulatiag pumping tests in an unconfined, 
heterogeneous aquifer are: 1) the seledon of the numericd groundwater flow code, 2) the 
hydraulic properties of the rnmodeled aquifer, 3) the pumping rates, and 4) the numencal 
discretization 
7.4.1 Numericd Flow Code 
Among the desired capabilities of the numerical code is the ability to accurately 
represent unsaturateci processes and weil hydraulics in a heterogeneous aquifer. Though 
numerous codes exist, only a few codes have these two capabilities. One of these codes is 
FRAC3DVS (Themien and Sudicky, 1996), which solves Richard's equation with a robust 
Newton-Raphson iteration scheme and solves flow to a weil using he-dements, as 
described by Sudicky et al., (1995). FRAC3DVS has been successfuiiy used to reproduce 
published analytical, numerical, and field data for purnping tests in unconfïned aquifers. 
7.4.2 Hydrnuüc Properties of Modeled Aquifer 
AU model simulations were for a 1û-m thick aquifer with an initial saturated 
thickness of 6.5 m. No field data have been collectecl at CAFB to determine aquifer storage 
properties. For simplkity, the aquifer was assumed to have d o m  storage properties. The 
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Specinc storage coefficient was set to 0.00005, which is consistent with the range proviàed 
by Fteae and Cherry (1979) for sands and gravel. Unsaturated hydraulic pmperties were 
calcuiated based on the van-Gentuchen parameters in Chapter 6 to simulate large-scale 
pumping tests at CAFB. These parameters are iiiustrated in Figure 7.9. 
As previously mentioned, model simulations were performed using data sets based 
on a K field that incrwwd and a K field that decreased with distance h m  the pumping weil. 
Based on the range of transmissivity values in Figure 7.7, transmissivity varied 100 fold 
within each data set To account for the effects of vertical heterogeneity, different values 
of vertical anisotropy (Kz/Kh) were used. 
7.43 Numerical Model 
AU pumping tests were performed with an axisymmetric 2-dimensional grid with 
7800 elements and 8003 nodes. Io the vertical direction, 53 elemental layers had variable 
th ic la ies  that ranged fiom 0.125 m near the initial water table to 0.5 m at the base of the 
quifer. In the radial direction, the element lengths varied fiom 0.02 m at the weii to 10 m 
at the aquifer boundary at 400 m. No-flow conditions were imposed at the aquifer top, 
bottom, and sides. Model simulations began with an initial time step of 0.0005 minutes and 
ended with a maximum thne step of 5 minutes over a period of 60 minutes. Model output 
included a vertical profile of groundwater flow into the weli at each time step. Examination 
of these profiles showed that we11bore storage effects had dissipated after 40 s for ail model 
nuls. 
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7-43 Pumping Rate and C&% Tirasmiss~ty Vahes 
For each transmissivity field, pumping tests were performed at three pumping rates 
and one injection rate. The pumping rates were selected to cover a 10-fold range with the 
iargest pumping rate producing a maximum drawdown of about 3 m. The injection rate was 
set to the magnitude of the pumping rate that would produce a head build-up of about 1 m. 
For every simulated pumping test, CJSL transmissivity values were caiculated with 
drawdown data for a pdod of 40 to 60 minutes. To correct for dewatering effects, ail 
drawdown data was adjusted by the Jacob correction factor (Jacob, 1963) . 
7.5 SIMULATIONS OF PUMPING TESTS IN AN AQULFER WITH A TREND OF 
INCREASING K WITH DISTANCE 
7.5.1 Selection of Trend in the Transmissivity Field 
Based on tbe borehole flowmeter K values nom the 1-Ha test site (Young ,1995) and 
transmissivity values in Figure 7.7, weUs olltside the paleochanne1 intersect aquifer material 
that is approximately 100 times less transmissive than the paleochannel bedload deposits. 
To represent a trend of increasing trausrnissivity with distance, a hypothetical aquifer was 
constmcted with K valws that increased linearly nom 0.04 c d s  at the weK to 0.4 d s  at 
a radial distance of 37.5 m. These K vaiues produced tradssivity values fiom 2.6 cm2/s 
to 260 cm2/s. 
7.53 Sensi- of CJSL Transmiss~ty Values to Pumping &tes 
Figure 7.10 pments example simulations of drawdown responses for unconfïned 
aquifers with vertical anisotropies m) of 1 and 0.0 1. The pumping test responses are 
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plotted with drawdown nomaiizeci to the puxnphg rate. For refmnce, the simulateci 
drawdown obtained for a co f i ed  case is presented AI'though it may appear that ody one 
drawdown c w e  is pmvided for the confinecl case, nurnerous nins were made with different 
pumping rates and anisotmpy values, but they ai i  matched the resuit pvided in Figure 7.10. 
Figure 7.1 1 provides the CJSL transmissivity values for simdated purnping tests in Figure 
7.10 and for cases of different anisotropy values. These resuits show that an inmase in the 
pumphg rate le& to an increase in the ClSL transmissivity d u e s  similar to that show in 
Figure 7.7b. This resuit is contrary to what is expected in a homogeneous quifer where 
increased pumping would cause a decrease in the transmissivity for the satrnated quifer. To 
help explain the physicai processes that cause the trends in Figures 7.7b and 7.1 1, one needs 
to understand the sensitivity of CJSL traosmissivity vdues to the rate of expansion of Ri in 
a heterogeneous aquifer. 
7.53 Importance to Cakuiated CJSL 'ïransmiss~ty Vdues 
According to Butler (1990), CJSL transmissivity values primarily reflect the 
transmissivity of the m e r  materiai fiom which water is king released for the the  period 
of the drawdown &ta. As a resuit, during the late timw of a pumping test, the CJSL 
transmissivity value is relatively insensitive to the total drawdown and the aquifer 
transmissivity near the weii, but very sensitive to the aquifer transmissivity away fkom the 
weil (Oiiver, IWO; Butler, 1988,1990; Butler and Liu, 1991). Because CJSL transmissivity 
values primarily reflect the transmissivity of the aquifer material away fiom the weil at late 
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times, a major -or &&g CJSL transmissivity values in @ers with radial trends in 
the K field is the rate that Ri passés through aqiiifer material with ciiffiirent K vaIues. 
- Numemus definitions for hav; k e n  propsed. Streltsova (1988) states that these 
definitions can be wrïtten as &=A*( C*TWS)s where A and C are coefficients; t is time; S 
is the efféctive storage coefficient; and T is t d s s i v i t y .  ImpIicit in this relation is that the 
expansion of Ri is proportional to T and inversely proportional to S. Because the pumping 
rate affects neither T nor S in an confineci @ers CJSL trammissivity values in a confined 
aquifer should not be affW by the pumping rate-a hding codkmed by results in Figures 
10 and 1 1. However, because the pumping rate indirectly affects T and S in an unconhed 
aquifer, the pumping rate wiU affect the rate of expansion of Ri. 
The relation between pumping rate and transmissivity is relatively straightforward 
in an unconfined quifer. An increased pumping rate reduces the satllrated aquifer thickness 
and aquifer transmissivity near the weii and thereby slows the expansion rate of Ri away 
h m  the weIi. Although desaturation and resaturation can be important in vertical 
heterogeneous material, as will be shown later, changes in the transmissivity of the aquifer 
saturated thickness camot cause the trends obseived in Figures 7.10 and 7.1 1. For increased 
pumping to cause the higher ClSL transmissivity values in Figure 7.1 1, it must decrease the 
value of S near the weii sa that an increase in the CJSL tranmiissivity can be reaIized by an 
increase in the expansion rate of Ri into the higher K materials away nom the weU. 
In an unconfined quifer, the value of S represents an effective storage coefficient 
that accounts for the water released fÎom drainage aad elastic storage. Because elastic 
storage contributes much less to the total water released nom storage than does drainage, 
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drainage principaiiy detemines the value of S. Key mode1 parameters associated with 
drainage are fluxes at the aquifer boundaries (e-g. pumping rate, recharge distniution), the 
amount of water avdable h m  storage (e-g., moisture retention curves, specific storage 
coefficients), and the energy required to cause groundwater to flow (e-g., uasaturated K 
fùnctions, anisotropy). 
7.5.4 Factors A f S i g  the Sensitivity of CJSL TraasmissMty Vaiues to Puxnping Rate 
An important relation that affects the relation between the prrmping rate and S is 
speciffc moi- capacity, which is the fht derivative of the moisture content change with 
respect to presme change. Figure 7.12 shows that specific moisture capacity increases fiom 
O to -.3 1 m pressure but decreases steadily for pressures below -0.3 1 m and becomes less 
than 0.01 at about -3 m. Because of the non-linearity in the pressure-moistme content 
relation, the amount of drainage reieased fiom the unsaturated zone (e.g., firom the water 
table to 10-m elevation) per unit drop in pressure will decrease with increased drawdown. 
Thus, at higher pumping rates, a reduction in S and an increased expansion rate of Ri should 
be expected. If increased pumping causes lower S values, one shouid expect that increased 
pumping shouid cause an increase in the transmissivity values-a trend show in 
Figures 7.1 1 and 7 3 .  
Because drainage travels partïally downward dong a flowpath t o w d  the weU during 
pumping, changes in Kz shouid affect the temporal and spatial variability in the drainage 
patterns. As shown in Figures 7.1 1 and 7.13, an increase in Kz causes a decrease in the 
CJSL transmissivity for a particular pumping rate and also reduces the range of CJSL 
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transmissivity among digerent pmping rates. These d t s  are consistent with an increased 
Kz leading to irnproved drainage and thus higher vaIues of S near the pumping weU at early 
times. 
The phreaîk d a c e  near the weil for injection and withdrawal scenatios is presented 
in Figure 7.14 for anisotropy values of 0.0 1 and 100. DifEerences in the vertical distance 
between the pbr~t i c  d h c e  and the initial head elevation of65 m provide a measure of the 
value of S and T as a bc t ion  of distance- For the withdrawal scenarios, an increased 
anisotropy h m  -0 1 to 100 caused a general trend of s d e r  T values and larger S values 
near the weil. Both of these chauges promote a reduced expansion rate of Ri. Hence, the 
trend of lower CJSL transmissivity values with lower anisotropy vaiues shown in 
Figures 7.1 1 and 7.13 for the withdrawal scenarïos, is consistent with the fhct that an increase 
in aaisotropy tends to decrwise T but increase S near the weU. For the injection scenarios, an 
increased anisotropy fiom -01 to 100 caused smder values for both T and S near the well. 
The fact that S and T change in the same direction makes CJSL transmissivity values less 
sensitive to changes in anisotropy for the injection than for the withdrawal scenarios. As a 
result, the range for CJSL transmissivity values nom the injection simulations is 
approximately one-seventh the range for the CJSL trammissivity values h m  the withdrawai 
simulations. 
Because the CJSL transmissivity values for the injection and withdrawai scenarios 
have dinerent sensitivities to changes in the anisotropy, the ratio of the injection to the 
withdrawai CJSL transmissivity values should be sensitive to the anisotropy value. This 
sensitivity is shown in Figures 7.1 1 and 7.13. For the case of high anisotropy (e.g., Kz/Kh 
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>1 O), the CJSL transmiksivity values are higher for injection thaD for withdrawal of 0.02 
m3/min. However, for the case of IOW anisotropy values (e-g. WKh cl), thé CJSL 
transmissivity valws are lower for injecting than for withdrawing 0.02 m3/mia, 
Figure 7.15 shows resuits h m  withdrawal and injection tests performed at well 14, 
which according to Figures 7.4 and 7.8 is located in a region where a radial incrrase in K 
with distance is presumed to exist For the case of K incfease with radial distance and Low 
anisotropy (i.e. Kz/Kh cl), the results of the numerid simulations indicate that higher CJSL 
transmissivity values should be obtained for pumping than for injection. Analysis of the 
data in Figure 7.15 supports the hdings of the numerical resuits as the CJSL transmissivity 
values for the injection and withdrawd tests are 12 cm2/s and 8 1 CI&, respectiveiy. In 
evaluatuig this cornparison, one shouid note that the injection test was performed in April 
1989 when the ambient water table was 0.5 m higher than in June 1989 when the purnping 
test was performed. As a result of the high water table in Aprii, the CJSL transmissivity 
value for the injection test would likely have been lower if the test were perfomed at the 
time of the pumping test. Hence, the field data are consistent with the results of the 
numerical simulations of injection and withdrawal scenarios in Figure 7.10. 
Drainage, and thus the value of S near the weil, are affected by aquifer uusaturated 
soil-moisture characteristics. With regard to the baseline conditions shown in Figure 7.9, 
the drainage rate near the weii can be slowed by maintahhg the baseline pressure-K hct ion  
while slightiy increasing the capacity of the aquifer to retain moisture according to the 
modified moishue-pressure hct ion in Figure 7.9. As shown in Table 7.3, a reduced 
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opability of the asuifer to retain water leads to higher CJSL transmissivity values, wtuch is 
consistent with an accelerated growth raîe of causeci by a reduction in the value of S. 
Drainage near the weii can be changed not only via the moisture retention curve but 
also via the pressure-- relation. A simple -ach to increase S near the weii is to 
make K d e c t e d  by decreased pressure (Figure 7.9). The impact of impmving drainage 
near the weii by increasing the values of- cause Iowa CJSL tmsmhivity values, 
which is consistent with a reduced growth rate of Ri caused by an inmase in the value of S 
near the well. 
Table 7.3 Percentage Change in the CJSL Tr~asmissmty Caused by Changes 
in the Specinc Storpge ond Aquifer UnsatPrated Propertits 
Modifiecl Unsaîurated Baseline Unsaturated 
Functions * Functions * 
Theta change ( K Change ( Ss = -0005 1 Ss = .O00005 
* see Figure 7.12 for baselhe and modified unsaturated relations 
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Atthough the value of S is do* by drainage, elastic storage shodd &kt CJSL 
/ 
values. As shown in Table 7.3. an increase in Ss caused a reduction in the CJSL value, 
which is consistent with a siower expansion rate for Ri caused by a higher S value. Similariy, 
a decrease in Ss caused an increase in the CJSL Value, which is consistent with a accekrafed 
expansion rate for Ri caused by a 10wet S value- AS with changes in the aquifer unsaturated 
properties, changes in Ss have a greater effect on the CJSL values at higher pumping rates 
and at lower anisotropy values. 
7.5.5 Summary 
R d t s  nom num&caUy simulated pumping tests are presented for the case where 
K increases with distance âom the pumping weli. These results show that CJSL 
transmissivity values for late times are sensitive to mode1 parameters that affect drainage 
processes near the weU. Table 7.4 summarizes some of the major resuits. Among the 
interesting findings are that: (1) the value of S near the well can have a greater effect on the 
CJSL transmissivity values than does the value of T near the weil; and, (2) an increased 
pumping rate can lead to an increase in the CJSL traasmissivity value calcuiated nom the 
semilog slope of the the-drawdown data. 
Tabk 7.4 Expertcd Effcd on S, & and CJSL TrutmissMtim C a d  by Modcl 
Parameter Changes for a hsecase Pumpiig Secnario that has K Iacrease with Distance 
h m  the Piimping weU 
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7.6 SIMULATIONS OF PUMPING TESTS IN AN AQUIFER WITH A TREND OF 
DECRE:ASING K WiTH DISTANCE 
7.6.1 Selection of Trend in the Transmissmty Field 
Based on K values fiom borehofe fiowmeter tests described in Chapter 4 and 
transmissivity values nom single-weil pumping tests (Figure 77, the paleochanne1 has 
transmissivity values that are appmxMately 100 times greatér than the deposits that Lie 30 
to 50 meters outside die paieochannel. Flowmeter &ta fiom the paieochannel indicate that 
157 
the upper asuifer has signifïcantly higher K thau does the lower apuifer. At most of the w d  
iodons  in the paleochanneI, permeabie with K values in the range of0.5 to 1 cm/s I 
cm be found above 59 m MSL. To illustrate the sigaiscant vertical merences in the K 
values, the borehole flowmeter K values for WeU 2 are presented in Figure 7.16. As shom 
in Figure 7.16, the ambient -ter tabIe in Iune 1 989 Lies about 1.5 m above the base of the 
high-K zone. Among the considerations of a low water table is that desanaaiion of the upper 
penneable layen couid signifïcantiy affect the sensitivity of the CJSL transmissivity values 
to pumping rates. 
To represent a trend of decRasing transmissivity with distance, a hypotheticai aquifer 
was sîmulated with K values that decreased Iinearly fiom 0.04 d s  at the weil to 0.004 cm/s 
at a radial distance of 37.5 m. For the initial 6.5 m saturated aquifer thickness, these K 
values correspond to transmissivity values of 26 cm2/s and 2.6 cm2/s, respectively. To 
investigate the importance of the vertical variation in K near the weii, the K field nom the 
fïrst hypotheticd aquifer was modifiecl by a highly permeable zone with a K of 4 cm/s 
between the elevations of 6.28 a .  6.6 m. This additional K layer increases the near-field 
transmissivity of the saturatai zone of the second hypotheticd @er h m  26 to 1 1 1 crn2/s. 
7.6.2 Pumping Test Resdts for AquSer witb Oniy Radial K Variations 
Figure 7.17 presents example simulations of drawdown responses for unconfined 
aquifers with anisotropies of 1 and 0.01. The pumping test responses are plotted with 
drawdown normalized to the pumping rate. For reference, the simulateci drawdown obtained 
for a confined case is presented Afthough it appears that only one drawdown curve is 
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provideci for the confineci case, numemus nms were d e  with d inant  pumping rates and 
anisotropy values but they di matched the resuit provided in Figure 7.1 7. Figure 7.1 8 
provides the CJSL transmissivity values for pumping tests simulateci with din&nt 
anisotropy values. 
Given that the expansion rate for E+ increases with a higher pumping rate? a trend 
expected in Figure 7.18 is for the CJSL transmissivity values to de- with increased 
pumping. This expected trend is evident for only the case where anisotropy is 0.01. For 
anisotmpy values greater or equai to 0.1 the CJSL transmissivity values are rdatively 
insensitive to the pumping rate. A key factor that reduced the sensitivity of CJSL 
transmissivity vdues in Figure 7.17 to changes in anisotropy and pumping rate is that 
decreasing transmissivity with distance bUners the expansion rate of As pumping 
conditions cause an increase in the expansion rate &, the migration of l+ into aquifer 
material of lower trammissivity throttles back the expansion rate and forces additional 
drawdown within the inner conesf-influence. Thus the trend of decreasing transmissivity 
with distance produces a different e f f i  thaa produced by an increasing transdssivity with 
radial distance, which serves to accelerate the expansion rate of Ri. An implication of the 
redts in Figure 7.18 is that an increase in the pumping rate would cause a decrease in the 
CJSL transmissivity vaiues only for anisotropy values less tban 0.0 1, which is iike1y near the 
lower boundary for the field conditions at CAFB. Moreover, for the anisotropy value of 
0.0 1, the range in the CJSL transmissivity values is much less than the range of values shown 
in Figure 7.7a An implication of the low sensitivity of the CJSL transmissivity values in 
Figure 7.18 to pumping rates is tbat the trends observed in the CJSL transmissivity values 
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in Figure 7.7a may be partidy caused by desaturation of high-K materiai in the upper 
aquifer. & 
7.63 Pumping Test Resuits for Aquifcr with Radia1 and Vertid K Variations 
Figure 7.19 presents example simulations of drawdown responses for mconfhed 
aquifkrs with anisotropies of 1 and 0.01 for a decreasing trend in K with radial distance that 
has a hi&-K layer placeci in the upper @&r- As in Figures 7.10 and 7.17, the pumping test 
drawdowns in Figure 7.19 have been nonnaliæd by the pumping rate. Show in Figure 720 
are the CJSL transmissivity valises for the simulated purnping tests. Compared to the 
drawdown responses and CJSL transmissivit. values in Figures 7.1 7 and 7.18, the drawdown 
responses and CJSL transrnissivity values in Figures 7. i9 and 7.20 are significantly more 
sensitive to the pumping rate- 
The importance of the desaturation of the high-K Iayer to the CJSL trends in 
Figure 7.20 c m  be partially evaluated h m  a plot of CJSL traonnissivity vernis the 
maximum well drawdown for an anisotropy of 0.01. As shown in Figure 721, there is a non- 
linear relations between total drawdown and CJSL transmissivity values. For total 
drawdowns less than 0.07 or greater than 0.7 m, transmissivity values are less sensitive to 
changes in the drawdown (basecl on relative and not absolute differences) than transmissivity 
values for total drawdowns in the range of 0.07 to 0.7 m. For drawdowns that exceed 0.7 m 
(e.g., elevation less tban 5.8 rn), the transmissivity values are moderately sensitive to 
additional drawdown becaw the weli is essentidy hydraulically discomected nom the 
hi&-K zones away fiom the weU as a remit of the desaturation of the upper hi&-K zone 
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near the weîi. For drawdowns l a s  than 0.07 m, the transmissiviîy values are moderately 
s'ensitive to drawdown increases because desaturation of the high-K iayer has not been 
~ ~ ~ f f i c i & t  to signincantly resüict the hydraulic connection between the weli and the high-K 
materiai away h m  the weii. T d s s i v i t y  vaiues are strongïy sensitive to drawdown 
changes in the range of 0.07 to 0.7 m because aczoss this range of drawdown, the hydraulic 
connection between the hi&-K layer away h m  the weii is dependent on the saturated 
thichess of the high-K layer near the weli. 
R d t s  fiom numerically nmulated pumping tests have been presented for the case 
where K decreases with dis*ince from the purnpîng weii. These results show that CJSL 
transmissivity values for late times are much l e s  sensitive to anisotropy values and pumping 
rates than in the case where K increases with distance fhm the pinnping weU. For the 
situation where K decreases with distance h m  the welI and also with depth, the CJSL 
transmissiviity is strongly sensitive to both the pumping rate and the anisotropy value. This 
sensitivity occurs primarily because the aquifer saturated thickness war the weU can 
signiscantly affect the hydraulic corndon between the well and the higher K material in 
the upper aquifer away fiom the weli. 
7.7 CONCLUSIONS 
Based on a geological investigation and borehole flowmeter and pumping test results, 
a 1-Ha test site at Columbus Air Force Base (CAFB), Mississippi has signifiant large-scde 
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transmissivity variations caused by high-K bedload deposits associated with a paleochanne1 
that crosses the site. R d t s  fbm pumping test indicate that calculated CJSL vdues can be 
very sensitive to the pumping rate. TO help identi@ the reasons for this sensitivity, 
numerid simulations were pedormed with a twoaimensional axisymmetric model. Using 
simplistic K-field trends, numerical models simuiated the trend of Iower CJSL values with 
increased pumping at w e h  that intersected the paieochanuel and the trend of higher CJSL 
values with increased pumping at wek  outside the paleochannel. Among the important 
resuits h m  field and numerical resuits is that at CAFB the rate of expansion of the radius- 
of-Muence, % Ri a sipnincant effect on the calculated transmissivity value. Although Ri 
is not a hct ion of the pumping rate, I& Ri a action of aquifer storage and transmissive 
properties that are affected by the pumping rate in an unconfïned aquifer. Hence, the 
pumping rate is a parameter that can indirectly have significant effect on the calculated CTSL 
M s s i v i t y  v d u a  for unconfineci aquifers where large-de transmissivity values exists. 
Figure 7.1 Location of two test sites at CAFB, MS superimposed on a 1956 aerial 
photograph that reveals a pdeochannel. 
Figure 7.2 Schematic of the regional feahues associated with the sedimentological 
model. 
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Figure 7.3 Vertical profile of grain-size distributions at Well 73 (ground d a c e  is at 
64.9 m MSL). 
Figure 7.4 Weii network for LHa test site with location of the paleochannel estimated 
by dotted line. 
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Figure 7.5 Areal profile of borehole flowmeter K values for the uppermost 2 m of the 
saturated aquifer at the 1-Ha test site (fiom Chapter 4). 
Figure 7.6 Effect of pumping rate on drawdown response (normaiked by the pumping 
rate) and the CJSL transmissivity values for Wells 2 and 4 at the 1-Ha test 
site. 
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Figure 7.7 Trends in the CJSL traosmissivity at selected wells. 
Figure 7.8 Regions of high and Iow transmissivity inferred fkom the effects of pumping 
rate on the CJSL transmissivity at ail 37 wells. 
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Figure 7.10 Numerically simulated &le-well pumping test results for aquifers with K 
values that increase with radial distance fiom the pumping weu. 
ote: Transmiss l v i  ty f o r  conf ined case 
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Figure 7.11 Sensitivity of CJSL aansmissivity values t o  vertical anisotropy 
(0.0 1 cK2/Khz 1) and pumping rate for an aquifer with K values that increase 
with radid distance fkom the pumping weU. 
PRESSURE CM) 
Figure 7.12 Specific capacitance as a hction of pressure for the baseline moisture 
retention curves descnbed in Figure 7.9. 
Figure 7.13 Sensitivity of CJSL trammissivity values to vertical anisotropy 
(1 Or K2Knz 1 1000) and pumping rate for a hypothetical aquifer with K value 




u i n i t i a l  w a t e r  t a b l e  
Figure 7.14 The effect of vertical anistropy on the Location of the phreatic surface near the 
weU at elapsed tune of 60 minutes for the withdrawal and injection of 0.02 
m'/min. 
Figure 7.1 5 Response fiom Weil 14 during an injection test in A p d  1989 and a pump test 
in June 1989. 
Figure 7.16 The June 1989 ambient water table superimposed on the borehole flowmeter 
K values for Well2. 
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Figure 7.1 7 Numencally simulated single-well pumphi! test redts for aquifem with K 
values that decrease with radiai distance fiom the pumping weil. 
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Figure 7.18 Sensitivity of CJSL transmissivity to pumping rate for a hypothetical aquifer 
with a K trend that increases with radial distance for the cases where 0.0 1 s 
Kz/Kti 2 1000. 
7.19 Numeridy simuiated single-weU pumping tests resuits for hypothetical aquifers 
with K values that decrease with radial distance fiom the pumping weil and with a 
high-K layer in the upper aquifer- 
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Figure 7.20 Sensitivity of CJSL transmissivity values to pumping rate and to anisotropy 
values for an hypothetical quifer that has K values that decrease with taciid 
distance fkom the pumping weii anci with a hi&-K layer in the upper aquifer. 
Figure 7.21 CJSL transmissivity d u e s  as a fiinction of the maximum drawdown in the 
pumping weii at 60 minutes for an hypotbeticd aquifer that has K vaiues that 
decrease with radial distance h m  the pumping weIi and with a hi&-K layer 
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8. IMPACTS OF VERTICAL HETEROGENEITY AND WELL SCREENS ON 
PWMPING TEST RESULTS 
8.1 INTR0DUCTI:ON 
Because of the wide range of depositional and erosional processes that conmiute to 
their formatons, fluvial aquifers can be highly heterogeneous. A concern with perfonning 
pumping tests in heterogeneous asinfers is that drawdown ~sponses can sipnincandy deviate 
h m  type curves based on homogeneous @et models. Rimary causes for deviations are 
preferential flowpaths aaociated with iaterconn~ted high-K aquifer deposits, weIl screem, 
a d o r  weii annuluses. Ifpreferentid flowpaths are ignored, then the analysis ofpumping 
test data fiom highly heterogeneous aqwfers can Lead to unrepresentative values for 
calculated hydraulic parameters. 
This chapter discusses pumping test results h m  a highiy heterogeneous unconfined 
aquifer underlying the Columbus Air Force Base (CAFB) in Mississippi. The field site of 
primary concern is the 1-Ha test site where numerous borehole flowmeter, single-weU, and 
mdti-weii pumping tests have been perfiomed Field data hdicate that signifïcant 
p r e f e d d  fiow occurs thmugh interconnected hi&-K deposits and weil scrwns during both 
ambient and pumpïng conditions. The purpose of the chapter is to idenw, using field and 
numerical results, some of the problems and uncertainties associated with interpreting 
pumping-test data fiom aquifers that are highiy heterogeneous. Potential issues of concern 
are accelerated propagation of pressure change through high-K lenses and vertical 
gromdwater flow in weii screens. 
177 
This chapter is organi7pR into two main sections. The nrst section d e s c n i  the 1-Ha 
d 
test and provides d î s  h m  field investigations. The second section presents numexicai 
simulations h m  hypothetical confined and unconfined asirifers. Resuits h m  the numencal 
simulations are used to support the d y s i s  of the field data and to illustrate some of the 
signincant problem associated with monitoring and andyzing purnp-test data fiom 
heterogeneous aquifm such as CAFB. 
8.2 TEST SITE 
8.2.1 Site Description 
The CAFB aquifer is composed of 10 to 12 m of fluvial Quatemary-age deposits. 
These prïmarily consist of coarse-grained deposits in the Iower 8 to IO rn and fine-grained 
deposits in the upper 2 to 3 m. The corne-graïned deposits are highly heterogeneous. The 
Quaternary deposits conformably overlie the Cretaceous Eutaw Formation, which consists 
primarily of marine clay and silt Seasonal effects cause the water table to vary fiom 1 to 3 m 
below ground sirdace. Regional geological information for the Columbus aquifer was 
obtained nom an Army Corps of Enpineers atchaeological study within the Tombigbee 
valley (Muto and Giinn, 1988). The study suggests that braided streams and coarse-grained 
meandering streams formed the Columbus aquifer. Show in Figure 8.1 is a 1956 USAF 
aerial photograph that outlines a paleochame1 that intersects the MADE and the 1-Ha test 
sites. 
A simple but reasonable sedimentoIogical model for the CAFB aquifer has been 
suggested in Chapters 5, 6, and 7 and is iliustrated in Figure 8.2. At the base of the 
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paieochannel are coarse-@ned channe1 lag, scour pool, and chute bar deposits. Above 
these deposits are fine-grained sediments that fWed the p&ochannel before it was 
abandoned Associated with the convex and concave regions of the paleochannel are 
pointbar and cutbacWoverbank deposits, respectively. Below the paleochannel are deposits 
fkom coarse-grained meandering and/or braided Stream deposits. 
8.2.2 Weil Network 
The 1-Ha test site includes ttiÙty-seven 5.0-cm ID fiilly-screened PVC wells 
(Figure 8.3). All welis were constmcted h m  schedule 40 PVC pipe with 0.01" dots and 
O. 125" spacers. Each weIl was developed for approximately 3 hours using overpumping, 
backwashing, and mechanical flushhg (Young, 1991a; Young et ai., 1993a). Numerous 
hydraulic weli tests have been performed at the 1-Ha test site. 
The majority of the field tests at the 1-Ha test site were performed during 1989. In 
the Spring of 1989, borehole flowmeter tests included measiiring the profile of vertical flow 
at each weii for ambient and pumping conditions. Ln the Sumner of 1989, three large-de 
aquifer tests (> 5 &YS pumping) were pexfsormed using WeU 5 as the pumping weil and eight 
srnall-scale pumping tests (< 3 hours pumping) were performed using different pumping 
wells located across the test site ( see Appendix B). In Iate Summer 1989, five-spot 
recirculatuig tracer tests were performed at the two weil clusters shown in Figure 8.3 (see 
Appendùc E). 
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8.23 Vertid Heterogeneity at the Site 
the 1-Ha test sitey cietaileci grain-size &ta have been coilectwl h m  two IOcafions. 
At these locations cores were retrieved widi a 8.26-m ID polycarbonate sleeve inserted into 
a hoilow-stem auger. V i d  inspection and grain-size analysis of soi1 cores reveal fining 
upward cycles cornmon to fl wial systems (Ailen, 1964). Figure 8 3  provides the grain-size 
data nom one of these two locations. The figure UUStTates sequences of nning upward 
cycles about every 2 meters. Evaluation of comparable grain-size data fhm the MADE site 
suggest that these cycles vary wide1y in their dimensionsy composition, and preservation. No 
grain-size data are shown between 613 m MSL and ground elevaîîon at 64 m MSL because 
no cores were taken within this vertical interval. Previous split-spoon samples and visuai 
inspection of the deposits indiate that the upper 2.5 m zone is characterued by fine-grained 
deposits with more than 80% of the grains finer than 19. 
The limÏted grain-size data prevents estimating the horizontal dimension and 
continuity of the sedimentary sauchrres. Fortunatelyy sedimentary structures are exposed at 
nearby gravel pits. At a gravel pit approximately 1 km northeast of the test site, Rehfieldt et 
ai., (1989) mapped sedimentology feahues. They provide aspect ratios of Iength to width 
ranging h m  neariy 1 to more than 20 (see Figure 8.5) for lenses with a variety of dinerent 
phy sical characteristics. 
Besides grain-size data and h i e s  maps, borehole flowmeter K values (Young, 1995) 
indicate highly heterogeneous conditions at CAFB. Illustrated in Figure 8.6 are borehole 
flowmeter K values from four wells. At each well location, vertical variations of several 
orders of magnitude ~tp icdy  occur over distances of a few tenths of meters. Statistical 
180 
d y s i s  of the 88 1 borehole flowmeter K values provide an arithmetic mean, a geometric 
mean, and a a2 hm of 026 d s ,  0.032 d s ,  and 0.92, respectively, for the deposits 
(Young, 1995). Geostatistical analysis of the K values provide horizontal and vertical 
correlation lengths of 10.0 and 1 -75 m, respectively (Yomg, 199 la,b). 
Because of the highiy heterogeneous conditions at CAFB, the K values for the aguifer 
deposits near the water table varies sipnincillltiy. In Figure 8.6, for example, the average K 
near the water table for Weiis 16 and 7 is approximately 100 times less than for Weils 2 
and 9. Using data h m  Figures 8.4 and 8.3 one can visualize how water table variations of 
1-2 meters could change the average K near the water table at a well10 to 100 fold As will 
be discussed later, an important aspect related to aquifer analysis at CAFB îs whether the 
water table is located in a region of Iow-K or high-K deposits. 
8.3 FIELD TEST RESULTS 
8.3.1 Borehole Flowmeter Measurements 
In a highly heterogeneous aquifier üke CAFB, grouudwater flow includes converging 
and diverging flowpaths that direct groundwater through the hi&-K deposits and around the 
low-K deposits. As a r d t  of the convoluted flowpaths, the CAFB aquifer has vertical 
gradients that are occasionally 10 times greater than horizontal hydraulic gradients. A 
concem with M y  penetrating welis at CAFB is that theu annuiuses and open screens are 
potentiai hi&-K pathways between non-adjacent high-K deposits. 
A masure of the amount of disturbance caused by a well is the vertical flow in the 
weU. S h o w  in Table 8.1 are the maximum vertical discharges measured with the 
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eiectromagtletic flowmeter (Young and Peacson, 1995) at the 37 weiis in &rit 1989. The 
relatively hi& values of the discharges suggest that the My-penetrating welis d i s q t  
groudwater flow pattems at CAFB. Shown in Figue 8-7 are the pmfiies of ambient vertical 
flow and the borehole flowmeter K values for Weil 26. Examination of both data sets reveal 
that We1126 disrupts natural groundwatr fiow by accelerating groundwater flow h m  the 
high-K deposits in the middle of the aquifer to high-K deposits near the top and the bottom 
of the aquifer. 
Table 8.1 Maximum Value of Groundwater Flow Measured at Each Well 





Notes: negative sign indicates downward flow 
positive sign indicates upward flow 
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S h o w  in Figure 8.8 are vertical flow profiles at two wells before and during the 
Aquifêr Test 3 (AT 3), whïch included pumping Weii 5 at a constant rate of 62 L7& As 
in ai l  weiis that were monitored for changes in v d c a l  fiow during AT3, the vertical fiow 
greatiy incfeased d h g  the pumphg test At Weii 16, which is approxünately 4.6 m h m  
the pumping weli, the maximum verticai flow is about 5% of the total pumping rate 
throughout the entire test Ex amination of all of the weU data lndicate that the artîficial 
high-K conduit provided by the weU screens enhances fiow through high-K deposits, and 
consequently reduces £iow thugh low-K deposits, during a pumping test 
83.2 Srnail-Sale Piimping Tests 
The small-scale pumping tests coasisted of pumping a weil at a constant rate between 
2 and 3 hours and measuring the drawdown in nearby welIs with pressure tramducers. Seven 
d - s c a l e  pumping tests were conducted h m  April to July 1989, with pumping rates near 
60 Urnin. Most of the wek associated with the tests were at one of two weii clusters in the 
1-Ha test site. One well cluster (Wells 5,13, 14,16, and 19) is located 5 meters northwest 
of the center of the well network The other weil cluster (Wells 8, 10, 12,24, and 25) is 
located about 10 meters east of the center of the weU network (see Figure 8.3). 
To determine bulk transmissivity and storage parameters, the drawdown data were 
corrected for desaturation effêcts using the Jacob comction ( J ~ o b ,  1963) and then fitted to 
Theis type-curves automatidy using conventionai cwe-fittiag routines. F i p  8.9 shows 
calculated transmissivity and storage coefficient values at selected obsewation wells for 
dinerent pumping tests. The transmissivity and storage coefficient values caicuiated using 
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data fiom the same observation wcU but for diffèrent pumping tests typically varied by a 
factor of two and seveal orders of magnitude, rrspectively. Similady, the calculated 
hydraulic parameters were sedtive to the selection of which weli was selected for pumping 
in a weli pair. Shown in Figure 8.10 are examples of drawdown c w e s  fiom the two well 
clusters. 
The reIativeIy srnail variability in transmissivity in Figure 8.9 can be partly explained 
by the known l a r g e d e  trends in transmissMty caused by the wide range of sedimentary 
deposits that compose a fluvial aquifet- To investigaie the cause for the wide range of values 
for the storage parameters, the storage coefficient values were plotted as a fiinctioa of the 
radial distance between the pumping and observation weU. Figure 8.1 1 shows that as the 
radial distance increases, the variability decreases in thé calculated storage coefficients. 
Aithough delayed gravity theory (Neunisln, 1972; 1975) and the delayed yield theory (Bolton, 
1954; 1963) can partially accomt'for the increase in the mean storage coefficient with 
distance, these theories cannot account for the merences in the range of storage values 
associated each the radial disbnces. 
Among the reasons for the wide range of storage coefficients at short radial distances 
is spatial variability in the K field near the water table. Relatively high storage coefficients 
can be envisioned near WeIl2 in Figure 8.6, for example, because of the high-K material 
near the water table. In this example, the hi&-K deposits promote drainage and provide a 
preferential flowpath for drainage to reach the weU. Similady, relatively Iow storage 
coefficients c m  be envisioned at smaii radial distances for the case of low-K material near 
the water table and high-K lem at depth as shown for Weil 16 in Figure 8.6. In tbis instance, 
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semi-confined conditions at the well b d e r  mainage and promote the prefezential removd 
/ 
of water h m  the high-K lem at eariy ti.ee Because the cone-of-influence will eventudly 
expand beyond andlor below the low-K deposits in the upper aquifer near WeiI 16 and 
becaw high-K deposits have Wte dimensions, the trend of higher storage coefficients at 
larger radial distance in Figure 8.1 1 b appears plausile. 
8.3 J SmllCScaie Recirculrting Tracer Tests 
To help interpret the results ofthe d - s c a l e  pumping tests, Tracer Tests 1 and 2 
were conducted near the two well clusters shown in Figure 8.3 with the specific prirpose of 
investigating the impact that high-K lenses have on groundwater flow. Both tracer tests 
involved pumping equal amounts of water fiom four observation wells and injecting the 
combined flow into the injection weU. Mer stable hydraulic gradients were established, a 
bromide tracer puise was d o d y  injected into each injection welI. During the tracer tests, 
tracer breakttuough cwes  were developed for selected vertical aquifer zones using 
muiti-levcl samplers located at 0.61-meter intervals inside the pumping and observations 
weU (Chapter 4, Appendk E). 
Tracer Test 1 involved injecting a tracer at Weil 16 and obserMng tracer 
breakthroughs at pump"g weiis 5, 13, 14, and 19. Tracer Test 2 involved injecting a tracer 
at Weil 12 and observing tracer breakthiough at pumping wells 8, 10, 24, and 25. The tracer 
monitoring c o b e d  preferentiai flow pattern dong thin horizontal layers as significant 
differences were observed in the tracer breakthrough curves measured at vertical intervals 
of 0.6 m inside the well. Using the travel distance, the time of the peak tracer concentration, 
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an estimate of the pomsity for the hi& hydraulic conductivity lenses, and the m«isrired 
average spatial hydrauiic gradient between the injection and observation weky a lower value 
for the average K was calculated for each breakkough curve in Chapter 4. From these 
caiculatiotl~~ a vertical profle of tracer-based K values was constmcted for the aquifer 
materials between a paired pumping and observation weii. Figure 8.12 shows the highest 
value of the tracer-based K value and the storage coefficient for each pumping-observatioa 
well pair b m  the tracer tests. For each tracer test, higher K values are associateci with lower 
storage coefficients. This correlation can be explaineci if the aquifer is visualized as a layered 
media with high-K lemes acting as "mini" confineci aquifkr Iayers that hydraulicaliy connect 
an observation weil and a pumphg weii. 
83.4 Sunimary 
As a result of highly heterogeneous conditions at CAFB, preferential flowpaths at 
CAFB promote c h m e h g  of groundwater flow Uirough a neisvork of interconnected hi&-K 
deposits. Field evidence suggest that high-K deposits near the pumping and observation 
wells cause biases in the calculated storage coefficients. Direct measurement of vertical flow 
inside wells indicate that weU screens can SignXcafltly disnrpt groundwater flow pattems by 
providing good hydraulic connection among non-adjacent high-K deposits. To help evaluate 
the potentiai impact that vertical heterogeneity and open weli screens can have on pumping- 
test results, mode1 simulations were performed for both confhed and unconfined quifers. 
8.4 MODEL RESULTS FOR A VERTlrALLY BETEROGENEOUS CONFLNED 
AQUIFER 
8.4.1 Mode1 Set-up 
To demonsinte severai finidamental issues associated with impact of high-K lem on 
drawdown respo~lses, pumping tests were simulateci in a confined asuifi using the integrated 
finite-difference code WUL3D (Lacombe et al., 1995). A reason for selecting WELL3D 
is that it represents well screens via line elernents in the manner described by Sudicky et ai., 
(1995). Ali numerical simulations were based on a hypothetical4-m thick square aquifer 
with side Iengths of 400 m and a d o n n  specific storage coefficient of 5 x104 m-' with 
no-flow boundaries dong the primeter. A pumping well with a constant discharge of 
3 3 0.6 Llmin (10 m /s) was located in the center (x=r4) of the quifer. Observation wells 
were placed dong the x and y principal axes at radiai distances of 4, 16, and 32 m. The 
pumpiag weli and the 12 observation wells were fidy penetrating with a pipe radius of 0.025 
m. Based on a modined form of the Hagen-PouseuiIIe equation (Sudicky et al., 1995), a K 
of 2400 m/s was assigned to each well screea Because the aquifer is confined, the storage 
assigned to the open weli screen is based on the cornpressibility of water and thus is 
essentiaily equal to zero. 
A basdine simulation was performed for an aquifer with a d o m  K of 104 cmk. 
The numerical discrebzation was constant at 1 m in the vertical and varied in the horizontal 
fiom 0.05 m, which was near the well locations, to a maximum of 4 m, which existed at the 
outer boundaries. Figure 8.13 shows that the numerical solution accurately matches an 
dytical  solution for the Theis Equation (Theis, 1935). As should be expected, no vertical 
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flow o c c d  in the observation wek because pressure changes rnoved d o d y  outward 
/ fiom the pumping weii. 
8-42 Pumping Test Simulation with Two High-K Lensa 
Resuits f k n  the srnaIl-de pump and tracer tests shown in Figure 8.12 indicate that 
calcuiated storage coefficients are sensitive to the location of high-K Iens. The limited field 
data indicate that dcdated storage coefficients are biased if a high-K lem interseet the 
pumping and the observation weL To evaiuate this hypothesis, the hypothetical aquifer with 
a rmifomi K of lo4 cmls was modified by the addition of two high-K lenses aligned with the 
positive x axis. As shown in Figure 8.14, the hi- lem at the base of the aquifer intersects 
the pumping weil and the 4-m observation well on the positive x axes. The high-K Iens at 
the top aquifer intersects only the 4-m observation weil on the positive x axis. 
Using the simple two-lens model, a sensitivity shidy was perfonned to evaluate the 
foiIowing three mode1 parameters: 1) the K of the lenses; 2) the vertical anisotropy (Le., 
KJ&); and, 3) the dimension of the leases. By considering two values for the K of the lem, 
three different values for anisotmpy, and two values for the dimension of the hi&-K lenses, 
12 pumpuig tests were numeridy simulateci. For each of the 4-m observation w e b  located 
on the x and y axes (see Figure 8. M), the simdated drawdown responses were matched to 
a Theis fype-cwe. For aU cases, the lowest and highest storage coefficients were calcuiated 
at the 4-m observation wells located dong the positive and negative x axes, respectively. 
Listed in Table 8 2  is the lowest storage coefficient calculated and the ratio of the highest to 
lowest storage coefficient for each of the 12 simulations. No statistics are provided for 
calculatecl transmissivity values because these values remained relatively constant For aü 
12 'cases, the transmissivity values were within 5% of the tnie value of 0.04 m2/min. 
Table 8.2 Calcaiated Storage Coefficients for 4-m Observation Weils for the 
Ratio of Vertical Dimension of lenses 
1000 0.0 1 3.4E-6 14. 1 1.1E-6 46.1 
* Drawdown curves for this example are shown in Figures 8.14 and 8.15. 
Table 8.2 iilustrates that vertical heterogeneity can cause sipaincant b i s  in caiculated 
storage coefficients. Conditions that promote the calculation of low storage coefficients are 
high K values for the lem, low vertical anisotropy for the aquifer, and smali dimensions of 
the lem. Some of the reasons for these trends are: 1) higher K values enhance the lem' 
capacity to propagate pressure change; 2) Iowa vertical anisotropy deaeases vertical cross- 
flow (Le. fiow verticaliy perpeadicuiar to radial flow toward the well) that helps darnpen the 
propagation of pressure change in a high-K lem; and, 3) decreases in the lem' thickness and 
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width provide less d i c e  area fot lateral and vertical cross-flows to dampen the propagation 
of pressure change in the lem. 
For aii ofthe pumping-test simulations, the observation weii intersected by the two 
hi&-K lenses had downward flows of about 35% ofthe total purnped discharge. Because 
of the high-K ofthe weii screen, the value of hydrauiic heads within each weii screen varied 
by only a few percent For the purpose of caicdation of asuifér parameters, only a single 
hydraulic head value is assigneci to the weli screen. To help illustrate the signincant impact 
that the weli screen has on the aquifer respoose, Figures 8.15 and 8.16 show predicted 
drawdown cut7res with and without observation welis for the case highlighted by bold print 
in Table 8.2. For cornparison, the drawdown cuves for a homogeneous aquifer fiom 
Figure 8.1 3 are included. 
For the case of no observation weil, different drawdown curves are produced for each 
vertical aquifer interval. Because of the hi&-K values associateci with the open weli screen, 
the drawdown response is neariy identidy in the observation weii. As a result of less 
vertical connection among the aquifer layers, a greater range of storage coefficients is 
calculated at each radial distance when My-penetrating weli are ignored than if they are 
included in the numericd simulations. For the case of no My-penetrating wells, the 
calculated storage coefficients Vary frorn 3 . 3 ~ 1 0 ~  to 7.6~10'~. These values provide a value 
of 23 for S,JS,, which is much greater than the range of 5 obtained when M y -  
penetrating observation weils are included in the numencal simulations. 
As a result of lateral and vertical cross flows, al l  the drawdown responses are 
converging toward the homogeneous case over the .  Because cross flows dampen pressure 
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changes dong preferential flowpaths, the range of Qawdown responses is coasiderably less 
at radiai distances of 16 m than 4 m. For the case of no observation weU, the calculated 
storage coefficients vary between l.lxlo-* to 2 . 7 ~ 1 0 ~  for thekstance of 16 m. These values 
have a range that is approximately one-tenth the range of the storage coefficients for the 
radial distances of 4-m. Among the implications of Figures 8.15 and 8-16 is that vertical 
heterogeneity causes problems with calculating storage coefficients whether or not U y -  
penetrating for partially-penetrating w e k  are used. 
8.43 Effeet of Mdti High-K Lemes on Aquifer Response 
To more thoroughly evaluate the effet of vertical heterogeneity on calculated S 
values, numerical pumping tests were performed in synthetic aquifers created by randomly 
aligning 8 m long, 4 m wide, 2 m thick high-K lenses aitemately in the x and y directions 
until they occupied 20% of the aquifet volume. The aquifer matrix was assigned a uniform 
K of 106 m/s and vertical anisotropy of 0.1. The K value for each lem was mndomly 
generated fiom a Gaussian diseiution with a Log&) mean of -4 (Le. IO4 d s )  and a log(K) 
standard deviation 0.5. Figure 8.17 shows the drawdowns for the 4-m and the 32-m 
observation weUs generated by simulating four pumping tests in synthetic aquifers. 
Table 8.3 provides the range of caculated storage coefficients based on a 2000-s analysis 
penod for the three sets of observation welis at different radial distances. 
The resuits in Table 8.3 show that in a vertically heterogenous aquifer the range of 
calculated storage coefficients decrease with radiai distance. A decreased range with 
distance is expected based on the trends in Figure 8.1 1b and lower probabilities of high-K 
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pathways intersecting the purnping and observation well at greatet distances. However, 
dthough the muge for the storage coefficients deCaases with radial distance in Table 8.3, the 
mid-point of the range appears independent of distance& it remaias near 2.0~10'~, which 
is the storage coefficient assigneci to the asuifér- For the field results in Figure 8.1 Ib, the 
upper boundary and not the midpoint for the range of S values remaineci eearly constant with 
distance, As wiii be shown in the next section, simulations for an unconfined modei are 
required to reproduce the general trends in the bul .  storage coefficients shown in 
Figure 8.10b. 
Table 8 3  Calculatecl Storage Coefficients &om Aqaiters with 
Randomly Distribated Lens of  High-K 
Dirtance Calculated S Values SmJS,. 
m 
8.4.4 Summary 
Numerical simulations for confined aquifer conditions demonstrate that the 
arrangement and properties of high-K lenses can cause significant bias calculated storage 
coefficients obtahed fiom c w e  matchulg. Field data indicated that the higher the K of a 
lem intenecting the observation and pumping weh, the lower the calculated storage 
coefficient. Numerical Sunuiatiom c o n h n  this trend and showed that calcufated storage 
coefficients are less sensitive to vertical heteiogeneity with increases in radial distance. The 
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latter resuit c m  be also i n f d  h m  a plot of caidated storage codncients h m  field data 
as a h c t i o n  of the distance between the pumping and observation weii. A ke ly  reason for 
the decreased sensitivity with distance is that the greater the distance traveled by a pressme 
change, the more tortuous (and therefore less pemieable) the flowpath becornes and the more 
time cross flows have to dampen the pressure change in a high-K pathway. h o n g  the 
important results fiom the field and numerical resuits is that Wy-penetrating w e h  are 
important regions where signiscant vertical flow may occur between non-adjacent hi&-K 
deposits. 
8.5 MODEL RESULTS FOR A VERTTCALLY HETEROGENEOUS UNCONFINED 
AQUIFER 
8.5.1 Mode1 Set-up 
FRAC3DVS (Therrien and Sudicky, 1996) was selected to numericaiiy simulate 
pumping tests in hypotheticai unconfhed aquifers. These simulations were performed to 
help explain CAFB field data and to illustrate the significant impacts that vertical 
heterogeneity and weMs screens can have on drawdown results. FRAC3DVS was selected 
because it solves Richard's equation with a robust Newton-Raphson iteration scheme and 
solves fiow to a weii uses liw-elements as described by Sudicky et al., (1995). 
Different numencd grids were used in the simulations but ail had relatively s m d  
vertical grid spacing near the water table and smd horizontal spacing near weiis. Uniform 
specific storage was used in the entire aquifer domain except at the weii locations where the 
value was set to 1. For simplicity, the same unsaturateci property relations were used for al1 
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K values and were based on the van Genuchten parameters (van Genuchten, IW8) used in 
Chapters 5,6, and 7. The van Genuchten parameters were as follows: the total porosity is 
0.446; the residuai moishue content is 0286; a is set to 02; and, n is set to 1.59. 
Values considered fot Ss were 5x10~. 5x105, and 5x18 . These values were 
calculateci from the range of buik c o m p ~ i i i i t i e s  provide by Freeze and Cherry (1979) for 
clayey, sandy, and gravelly deposits. Because of the very gravelly nature of CAFB deposits, 
the most representative value for Ss would appear to be near the lower limit of the range. 
However, because of the possibiiity that unconfined sediments may be more loosely 
compacted than confined deposits, a Ss of 5x10~ was consïdered Values considered for 
Kz/Kh were 1 .O, 0.1 and 0.0 1. These values refiect the vertical anisotropy caused by vertical 
stacking of aquifer deposits of different Ks. Because the aquifer is not a perfectly stratifled 
medium, the opportunity for preferential vertical pathways through the entire aquifer 
thickness, and thus the effective value for vertical anisotropy, is scde dependent With 
regard to pump-test analysis, anisotropy values less than 0.01 wiU not be considered for 
observation welis at a radial distance of 32 m. 
S e v d  baseline numerical simdations were performed with a homogeneous aquifec 
for a d o m  K of 0.04 cmls (0.024 dmin)  and an initial saturated thickness of 8 m. These 
mode1 inputs were selected based on the borehole flowmeter K values and borehole logs 
fkom CAFB. Nine simulations were performed based on the permutations of three values 
for Ss and three values for Kz/Kh. Although unsaturated flow occurs in all simulations, the 
drawdown responses more closely resemble classical Theis type-cwes than classical 
Neuman type-cucves. A primary reason for the minor effects of delayed drainage is the hi@- 
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K of the aquifer? which tends to quicken and mhimize the effects of unsaturated flow on 
drawdown responses (Alciadunni ,1989; Chapter 6). As shown in Figure 8.18, changes in 
the values of Kz/Kh and Ss have a small but measurable impact on the drawdown curves. 
8.5.2 Pumping Test Simuiathn with Two Lemes 
Besides delayed drainage, another concern associated with analysis of short-terni 
purnping tests at CAFB is aquifet heterogeneity. To illustrate this concem, a K field was 
created by modifying the homogenous K field of 0.04 c d s  with two lenses. One lem had 
a K of 0.4 cmk and was 10 m long, 2 m wide, and 0.5 m thick . This lem was located near 
the base of the aquifer and intersected both the pumping and a 4-m obsewation well. The 
other lem was 20 m long, 20 m wide, and 0.5 m thick and was assigned different but uniform 
K values. This second Lens was located at the top of the saturated aquifer just below the 
initial water table and will be used to represent the different K values in the upper aquifer 
as shown near Wells 2 and 6 in Figure 8.6. 
Numerical simulations were pediomied with the top lem assigned K values of 0.004, 
O -04, and 0.4 cm/s for the cases where: 1) Ss equaled 5 .OX 1 o4 and KzKh equaled 1 .O; 2) 
Ss equaled 5.0~10" and WKh equaled 0.01; and, 3) Ss equaled 5.0~10 %nd KzKh equaled 
0.01. Figure 8.19 iliustrates the wide range variations in the Miulated drawdowns. Of these 
tbree cases, the effects of delayed yield are most important for cases for low values of 
KzXh, Ss, and K for the top lem. 
Figure 8.20 shows the storage calculated h m  12 homogeneous scenarios and nom 
the 9 two-lem scenarios coefficients as a hction of radial distance to the observation weU. 
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The trend is similar to that obtain h m  field data h m  CAFB. Examination of ail the data 
reveals that: 1) hi#-K layers near the initiai water table lead to high sforage coefficients for 
short and large radial distances; and, 2) low-K laym near the initiai watertable combined 
with a high-K lem at depth lead to low S values at short radial distances- A prirnary cause 
. 
for the trend in storage coefficients values shown in Figures 8-1 1 and 8.20 20s the impact that 
vertical heterogeneity has on producing pteferential flow paths at depths and lacabxi semi- 
confined and codked aquifér conditions. Impiicit in this f i n h g  is that not only does the 
aquifer hetemgeneity affect dculated storage coefficients but also the selected weils and the 
location of the water table. 
A notable feahire in Figure 8.20 20 the wide range of storage coefficient values nom 
the 4 m observation w e k  As noted above, a prirnary conû5buti.g cause for the wide range 
is the large the variation of K values near the water table near the pumping weL The 
propagation of the drawdown into the aquifer is shown in Figure 8.21 for the three 
hypothetical aquifers used to pmduce the drawdown responses in Figure 8.19. The 
hydraulic head contours illustrate that as conditions for drainage becorne Iess favorable, the 
advancement of the pressure drop into the aquifer inmeases. 
8.53 Simulations 6 t h  Multiple Lenses and Large-scaie Transmhs~ty Variations 
8.53.1 K fields 
A concem wîth highiy heterogeneous conditions is the applicabiüty of type-curves 
based on homogeneous aquifer models to estimate aquifet parameters. To investigate this 
concem, Pumping testci were simulated for two cliffereut aquifers. One aquifer had a large- 
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scale traiismissivity îrend and the other consisted of multiple lenses of different K. The 
numerid grid for the simulations kcluded the well netwock shown in Figure 8.22. The 
aquifer was represented as a 8-m thick, 400 x 400 rn square with an initiai water table at 
6.5 m. 
For the case of multiple lenses, the numerical mode1 included 298365 mdes with 
16 nodal layers spaced at 0.5 m intervals. The K field was established by continualiy 
inserthg 12 rn long, 3 m wide, and 0.5 m thick lemes of diffkent K Kto the mode1 untii the 
Ienses occupied 90% of the quifer volume. The K for each lens was assigned randody 
fiom a normal distribution of l o g o  with a mean of -2.6 (0.0025 m/min) and a standard 
deviation of 1. For the entire asuifer the stomge coefficients, the vertical anisotropy, and the 
K value for the matrix, were set to SE-5,0.01, and 0.0025 mhin, respecbvely. 
To mate a large-scale transmissivity trend, a iinear strip with a K of 0.25 dmin was 
placed uito a uniform aquifer with a K of 0.0025 dmie The linear stnp was aligned with 
the vertical axis between the x values of -1 and 8 with a variable thichess as shown in 
Figure 8-21. For this aquif'er scenario, the storage coefficient was set to 5 x 1 0 ~  and the 
vertical anisotropy was set to 0.1. Because of the symmetry of the K field with respect to the 
x axis, the number of nodes required to represent the transmissîvity trend was appmxUnately 
half the nodes used for the K field consisting of multiple lenses. 
8.5.3.2 Impact of Observation Wells 
Observation w e h  m o d e  local aquifer conditions by providing vertical hi&-K 
pathways among nonadjacent aquifer deposits and increasing the amount of water avaiiable 
197 
h m  storage. SimuIations were pafomed with Illyy-scxeened wek at the locations shown 
in Figure 8.22 and with only a My-screened weU at the pumping weli location. For 
simulations without observation wells, the drawdown in the aquifer at an elevation of 2 rn 
was recorded at the location shown in Figure 8.22. The drawdowns represent values h m  
a partialiy-penetratiag well. For the K field with a large-transmissivity trend, simulations 
were performed for pumping at locations 1,2, and 3. For the K field wîth multipie lenses, 
simulations were @ormed for pumping at locations 1,8,12, and 13. At each pumping well 
location, pumping tests were simuiated for tbree pumping rates in the range of 0.0075 to 0.12 
For ai i  simulations, drawdown in the pumping weU was less for the case of My-  
penetrating than without Wy-penetrating observations w&ls . This efféct is consistent with 
the additional storage and vertical flow pathways added by the Wy-penetratbg observation 
weli. Shown in Figure 8.23 are selected drawdown responses performed with the two K 
fields. The effects of the observation wells on drawdown results are very different for the two 
K fields. Whereas the observation welis signincantly atfect drawdown responses for the K 
field with large tnmmksivity trends, bey have only a minor affect on drawdown responses 
for the K field with multiple ienses. 
Figure 8.23 shows drawdowns cawd by pumping Well12 at 0.06 m3 /min in the K 
field with multiple lenses. For simulations with no obsewation wek, drawdown c w e s  
strongly mimic the sigrnoidal-shaped drawdown curves associated with delayed gravity 
theory (Neunan, 1972; 1975) andor delayed yield theory (Bolton, 1954; 1963). However, 
for simulations with observations wclls, drawdown curves closely resemble those fiom the 
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Theis solution meis, 1935) for a confïned apwfer. The diff-t drawdowns pfkms oc^ 
because the open charnel of the observation weii essentidy eiiminates the pressure 
ciifferences between the upper and low aquifer near the observation weii. 
The maximum vertical discharge at aU seventeen observation weiis ranged between 
2% and 9% of the pumpage at well12. Variations in the magnitude and pattern of vertical 
flow is caused by variations in the K of the deposits adjacent to the observation weils. At 
meen of the 17 observation wek,  only downward flow occwred. The prevalence of 
downward flow is consistent with delayed gravity theory and delayed yield theory where 
water released fiom drainage causes the drawdown in the upper aquifer to lag behind 
drawdown in the lower aquifer. Shown in Fi- 8.24 is the temporal variation of vertical 
flow for the set of observation wells shown in Figure 8.23. 
Among the important variables that a i t  the temporal variations in vertical flow is 
the location of the water table relative to the zone providing water into the observation weU. 
At Wells 3 and 4, the drawdown is wt grrat enough to partiaily desaturate the primary water 
bearing zones during the pumping test. As a dt, the vertical flow &dually increases until 
about 2000 minutes7 at which time flow stabihs. However, at Weii 7 ïncreased desaturation 
of the primary water bearing zones occurs over tirne. As resuit, the vertical fîow in the 
observation weii g r a d d y  decreases over t h e .  
To quantify the impacts of preferential flowpaths through observation weils and 
through hi&-K deposits, hydraulic parameters were calculated fiom the drawdown curves 
produced for the case of pumping wd 12 at 0.06 m3/min. For the scemrio with observation 
weils, type cuves h m  the Theis solution (Theis, 1935) and the Neuman solution (Neuman, 
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1972, 1975) were fitted to the simdated drawdown curves. For the scenario with no 
obsewations weiis, ody the Neum~i~l solution (Neurnan, 1972,1975) was usect Fo? d three 
of these cunre fits, the caicdated transmissivity values varied over the relatively n m w  
range fiom 0.05 to 0.1 m2/min. However, the caicdated storage parameters varïed 
approximately four oders of magnitude. The Neuman type-cuwe fits for cases with 
observation weiis produced values h m  .O000 1 to -0 1 and from -00 1 to .O2 for the specific 
storage and specific yieId, Sy, nspectively (the lower E t  for Sy was set to 0.001). The 
Neuman type-curve fits for no observation wells produced values that ranged from 0.0006 
to .O03 and from 0.001 to 0.26 for Ss and Sy, respectively. The Theîs type-curve fits 
produced storage coefficients that varied over the narrow range of .O0001 to .00006. 
Analysis of the numerical simulations suggest that in a vertically heterogeneous 
aquifer with high-K lem type cwe-matching may be useful oniy for detennining bulk 
transmissivity of the aquifer. For the case of M y -  or partially-penetrating observation wek, 
preferentid flowpaths distort drawdown c w e s  so that biases are intmduced into calculated 
storage parameters. In cases where a large range is calculated for eîther Ss or Sy, the range 
should be reviewed with regard to aquifer heterogeneity and grain-size characteristics. 
As shown in Figure 8.22 vertical flow through observation weUs in not necessarily 
a problem at ail heterogenous aquifers. For the cause of large-scale transmissivity trends. the 
vertical discharge in the observation weIls reached a nmchum of about 1% of the total 
pumpage and had nepiigible impacts on dtawdowns throughout the entire aquSer. Among 
the reasons for minimal vertical flow for this K field is that high-K deposits exist in the upper 
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aquifer but not in the lower aquifer. The former rrason accelerates drainage and the latter 
reason greatly iimits the rate at which water ca6 exit (and thus flow h u g h )  the borehole. 
8.53.3 Reciproeity 
Based on resuits in Figures 8.8 and 8 9 ,  reciprocity does not appear to be vaüd for the 
unconfined conditions at CAFB. The Iaw of reciprocity (Deng and Horne, 1993; also see 
Maxweii, 1864) which was deriveci for confined aqyifikr conditions, states that the drawdown 
response measured at weil A while weil B is pumped shodd be identical to the drawdown 
respome m e d  at weil B while well A is pumped. Implicit in feciprocity is that the same 
hydraulic parameters calculated for the drawdown dam from Well A and Weil B wtien weii 
B and Weil A are pumped, respectively. As shown in Figures 8.8 and 8.9 reciprocity did not 
hold true for Weiis 12 and 24 and Weils 16 and 19. 
Shown in Figure 825  are drawdown responses for different observation and pumping 
well pairs. The redts  suggest that for small drawdowns and the same pumping rate, 
reciprocity can be valid for unconfined asuifis. For both K fields, drawdown plots for 
higher pumping rates indicate that deviations fkom reciprocal drawdown responses for 
observation-pumping weil pairs become greater with increases in the pumping rate and 
aquifer desaturation. Show in Figure 26 are drawdown responses for the case where 
different pumping rates are used. For both K fields, the drawdown responses for the paired 
weils are not reciprod. As should be expected in an unconfined aquifer, reciprocity is not 
necessarily a valid principle for the design well testing strategies in unconfined aquifers. 
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8.5.4 Siimmary 
Numerical sinidations for unconfinecl aquifers condition demonstrate that 
preferentiai groundwater flow in vertically heterogenous aquifers bias calculated storage 
parameters. Because of the importance of drainage in unconfineci flow, the effect of highX 
lem and preferential pathways baween pwnping and observation wek is sensitive to the K 
of the material near the water table. In vertidy hetemgeneous aqufers were local 
conditions can range fiam confineci to unconfineci, the calculatecl storage coefficients can be 
highly dependent on the location of the weii, the water table, and well screen. 
8.6 CONCLUSIONS 
Field data fiom CAFB indicate that significant preferentid flow occurs through 
interconnected hi&-K deposits and open well screens. Numerical simulations illustrate that 
preferential flow paths can lead to signincant emrs with calcuiated storage parameters based 
on type-curve fits. Three crucial issues that affect the error with the calculated storage 
parameters are: (1) the distribution of high-K deposits in the entire aquifer, (2) the 
distribution of low-K deposits near the water table, and (3) the hydrauiic connections 
between non-adjacent high-K deposits provided by obsewation well screens. These three 
issues stmngly impact the n o n - d o m  propagation of pressure change nom the pumping 
weIl and drainage in the vicinity of the observation and pumping wells. UnWre storage 
coefficients, traasmissivity values appear to be reliabiiity estimated (within a factor of 2) 
with type-curve matchhg using data from both the CAFB site and the numerical simulations. 
This discrepancy occm because transmissivity values are much less sensitive to the early 
time responses than are storage coefficients. 
Figure 8.1 Location of two test sites at CAFB, MS superimposed on a 1956 aerial 
photograph that reveals a paleochannel. 
Figure 8 2 Schematic of the regional features associated with the sedimentological 
model. 
Figure 8.3 Weii network for 1-Ha test site with location of the paleochannel estunated 
by dotted Iine. 
58.94 
Figure 8.4 Vertical profile of grain-size distributions at location x=6Sm and y45m at 
the 1-Ha test site (ground surfixe is at 64.9 m MSL and location is shown in 
Figure 8.3). 
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Figure 8.5 Facies map of soi1 outcrop at a grave1 pit near the test sites at CAFB (fiom 
Rehfeldt et al., 1989b). 
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Figure 8.6 Borehole flowmeter K profiles at four well iocations that illustrate the wide 
range of K values for aquifer deposits near the water table. 
Figure 8 -7 Comparison of the ambient vertical flow in Weii 26 during April 1989 and 
the borehole flowmeter K profile from Well26. 
Figure 8.8 Comparison of the vertical £low in Wells 13 and 16 before and after the large- 
scaie aquifer test ATX 
Figure 8.9 Transmissivity (a) and storage coefficients (b) calculated £tom Theis fits to 
drawdown data fiom pumping tests with durations between 2 and 3 hours 
with the same observation well but diffèrent ppumping wells. 
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Figure 8.13 Predicted drawdown in a confiued asuifer using an analytid and a numerical 
model. 
OBSERVATION W E i i  
Figure 8.14 Schematic of two high-K ienses located near the pumping weil with the 
pumping weii intersecting the lower lem and the observation well 
intersecting the lowa and upper lem: (a) Partial vertical cross-section dong 
the positive x axis; and, (b) Areal cross-section centered on pumping well. 
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Figure 8.15 Drawdown curves predicted at radial distances of 4 m and 16 m in the 
direction of the two lenses (dong the positive x axis) for the cases with and 
without the effect of the high-K weilbore associated with the observation 
w e k  Where wellbore e f f m  are included the drawdown is nearly identical 
throughout the entire well so only one drawdown response is included. For 
cornparison, drawdown results are provided for homogeneous aquifer. 
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Figure 8.16 Drawdown c w e s  predicted at radial distances of 4 m and 16 m in the 
direction opposite of the two Ienses (dong the negative x axis) for the cases 
with and without the effect of the high-K welibore associated with the 
observation wells. Where wellbore effects are included the drawdown is 
nearly identical throughout the entire well so only one drawdown response 
is included. For cornparison, drawdown resuits are provided for 
homogeneous aquifer. 
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Figure 8.17 Numeridy shulated drawdown responses at observation weUs located on 
the x and y axes at radial distances of 4 m and 3 2  m for four realbtions of 
randomly distributed high-K lenses in a confined aquifer. 
Figure 8.1 8 Numencally simdated drawdowns for an unconfined homogeneous aquifer 
with a K of 0.024 d m i n  for: (a) changes in the vertical anisotropy with Ss 
set to 0.00005; and, (b) changes in specific sstorage with the vertical 
anisotropy set to 0.0 1. 
Figure 8.19 Simulated drawdowns for an unconfined homogeneous aquifer with a K of 
0.024 dmin and a lem with a K of 0.24 d m i n  located near the aquifer base 
and an upper Lens located directiy below the initial water table. 
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Figure 8.20 Storage coefficients (obtained fiom type-cuve matches to numerically 
simdated drawdown responses) plotted as a fiinction of radial distance to the 
observation well. 
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Figure 8.21 Temporal variations in the hydraulic head field dong a vertical cross section of the quifer aligned with the 
x axis for the three numerical simulations discussed in Figure 8.19. The unconfined aquifer has a K of the 
0.024 m/min and a lens with a K of 0.24 rn/min at the aquifer base. The hypothetical aquifers varied in the 
uniform values for S,, KJK,,, and the K of the upper lens. The values for these properties are (a) S ~ 5 x l O '  
J, iCdK,~l, K,, =0.24 d m i n ,  (b) Ss=5x10-5, Kz/Kli=O. 1, K ,, ,=0.024 mfmin, (c)  Ss=5xl 06, 
KdK,,=O.O 1, K , =0.0024 ndniin. QS 13
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Figure 8.22 (a) Monitoring weU network for the 298,265-node numerical mode1 used to 
simuiate pumping tests in hypothetical heterogeneous aquifers, and (b) the 

















Figure 8.23 Drawdown responses for pump tests with and without observation weiis for: 
(a) a K field consisting of multiple lem of different Ks.; and, (b) K field with 
large-scale traasmissivity variation. 

1 O" 1 O" 10f 102 
Time (min) 
-05 ! I l 
10" 100 101 1 
Time (min) 
Figure 8.26 Drawdown respomes showing reciprocity for weU pairs in: (a) the K field 
consisting of multiple lem; and, (b) the K field with a large-scale 
transmissivity variations. 
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Figure 8.27 Drawdown respomes showing non-reciprocity for weU pairs in: (a) the K 
field consisting of multiple lem; and, (b) the K field with a large-scale 
~ s s i v i t y  variations. 
9. FEASlBILlTY OF DETRENDING L O G O  DATA AT CAFB 
/ 
9.1 INTRODUCTION 
At Columbus Air Force Base (CAFB), Mississippi, large-scale llittural gradient 
experirnents have been perfomed at the MADE site (Boggs et al. 1992; 1993). Similar 
~ t u r a i  gradient tracer experiments have been p d o d  at the Borden site (Freyberg, 1986; 
Sudicky, 1986). the Cape Cod site (LeBlanc et al. 1991; Garabedian et al. 1991), and the 
Twin Lakes site (Killey and Moltyaner, 1988; Moltyaner and Killey, 1988a,b). Compared 
to tracer plumes at the 0th- field sites, the tracer plumes are highly skewed at CAFB. 
Previous to the tracer tests at CAFB, stochastic macrodispersion theory had been 
successfbiiy applied at Borden, Cape Cod, and Twin Lakes sites. Unlike the field data fiom 
these three sites, field data ftom CAFB indicate that the l o g o  field has sipnincant large- 
scaie trends in the log(K) field Because a prerequisite of stochastic macrodispersion theory 
is a second-order stationary log(K) field, the CAFB log&) data set must be separated into 
dete rministic and stochastic components before macrodispersivities can be calcdated. To 
detrend the CAFB log(K) data set, Rehfedt et ai., (1992) used polynomials fitted by ordinary 
lest squares. 
The objective of this chapter is to demonstrate, using field data fiom two sites at 
CAFB, that although detrending is conceptually appealing to apply stochastic groundwater 
theones, problems with implementing detrending are formidable and perhaps intractable. 
Before problems associated with detrending are discussed, this chapter bnefly describes the 
CAFB aquifer, the tests sites, and results of a large-scale tracer test at the MADE test site. 
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Detailed site mformation is provideci so that criteria am be established for evdiiatjng d t s  
/ 
of detrending. Dettending focuses p r k d y  on the log(K) test site h m  the 1-Ha test site 
adjacent to the MADE site. Emphasis is on the Iog(K) data because it has been shown in 
Chapter 5 to be more representative of site conditions than the MADE log(K) data set 
9.2 SITE DESCRIPTION 
9.2.1 Geology 
The Columbus aquifer is composed of 10 to 12 m of fluvial Quaternary-age deposits. 
These deposits primarily consist of coarse-graineci deposits in the lower 8 to 10 m and fine- 
grained deposits in the upper 2 to 3 m. The Quaternary deposits unconformly overlie the 
Cretaceous Eutaw Formation, which consists primarily of marine clay and silt Seasonal 
effects cause the water table to Vary 1 to 3 rn below ground d a c e .  
Regional geological information for the Columbus aquifer was obtained from an 
h y  Corps of Engineers archaeological study within the Tombigbee vailey (Muto and 
Gunn, 1988). The study niggests that braided streams and coarse-grained meandering 
streams formed the Columbus aquifer. Shown in Figure 9.1 is a 1956 USAF aerial 
photograph that outlines a paleochannel that intersects both test sites. 
Besides aerial photographs, contour maps of the underlying Eutaw Formation are 
useM indicators of sedimentological feahires at CAFB, MS. In the vicinity of the MADE 
site (see Figure 9.3, there is a 1-m to 3-m deep scour filled with marine sands, which are part 
of the Eutaw Formation (Boggs et al., 1992). At the 1-Ha test site there is a 0.5- to 1-meter 
deep scout at the base of the tewce aquifer iilied with high-K deposits (to be discussed 
/ 
iater). 
A simple sedimentologicd mode1 for the CAFB aquifer has been advocated in 
Chapters 2 through 8 and is iiiustrated in Figure 9.2. At the base of the paleochannel are 
coarse-grained channel lag deposits. Above these deposits are fine-grained sediments that 
fïiied the paleochannel after its abandonment Based on an w o n  h m  Leeder (1973) and 
a 70-m width for the paieochannei, a base elevation near 59 m MSL was estimated for the 
channel lag deposits in Chapter 4. Below 59 rn MSL and above the Eutaw Formation, the 
aquifer is presumed to be a mixture of corne-grained fluvial deposits fiom braided andlor 
corne-grained meandering rivers. Associated with the convex and concave regions of the 
paleochannel are pointbar and cutback\overbank deposits, respectively. 
9.2.2 Test Sites 
At CAFB, two test sites lie withia 50 m of each other (see Figure 9.1). The MADE 
test site includes over 300 rnultilevel samplen and over 70 piemmeters. At this test site, two 
large-scde nahual gradient tracer tests have k e n  performed (Boggs et al., 1992; Boggs et 
ai., 1993). The 1-Ha test site includes 37 fully-screened weUs that were used to support 
extensive borehole flowmeter tests (Chapter 4 and Appendix C), pumping tests (Chapters 5, 
6, and 7), and forced gradient tracer tests (Appendix E). In order to iliustrate that large-scale 
trends in the log(K) field exkt at CAFB, results will be presented fkom the tracer tests fiom 
the MADE site and Erom borehole flowmeter tests h m  the 1-Ha test site. 
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Figure 9.3 shows the 37 weH network at the 1-Ha test Based on borehole fiowmeter 
K values at 03-m intervais at each weil location, the K field shown in Figure 9.4 was created 
for the upper and lower 2-m zones of the saturated aquifer. The figure shows that hi&-K 
values in the upper m e r  are aligned 6 t h  the location of the paleochannel in Figure 9.1. 
In addition, urnes of moderate K values and low K values in the upper aquifer correspond 
to the convex and concave regions of the paleochannel, respeçtively. Wth respect to the 
sedimentological model, the low K values are associateci with the overbank/fIood deposits 
and the moderate K values are assocjated with pointbar deposits. At the base of the aquifer, 
an incomplete l o g o  field is show because of the m e n  d a c e  of the underlying Eutaw 
ciay . Presumably, the high-K deposits in the scour are bedload deposit ftom the river that 
incised the chamel. 
Shown in Figure 9.5 is a vertical cross section of a tritium plume formed when-a 
9.7 m3 tritium solution was injected at the MADE site. The cross section is aligned with 
the segment A-A shown in Figure 9.1. At 27 and 132 days, the plume occupied the entire 
aquifer thickness between the injection location and a longitudinal distance of 20 m. At 
132 days, the portion of the plume d o m m e n t  of 20 m was confïned to the upper aquifer 
above 58 m MSL. At 224 &YS, the plume resïded above 58 m MSL within the paleochannel 
boundaries but occupied the entire aquifer thickness outside of the paleochannel's 
boundaries. Based the complete tritium data set, Boggs et al., (1 993) ,estimated near-field 
velocity of 5 m/yr and a mid- to far-field velocity of 128 m/yr for the tritium plume. 
Consistent with the increase in gromdwater velocity domgradient and flow convergence 
to the upper aquifer at a downgradient distance of about 25 m are the locations of the hi&% 
deposits associated with the paleochame1 shown in Figure 9.1. 
9.23 Hydraulic Gradients 
Histonc and detailed water table data have been couected ody at the MADE site. 
Seasonally, the water table fluctuates 2 to 3 meters and the mean horizontal hydradc 
gradient varies between 0.002 and 0.005 and has an estimated maximum variation in 
direction of 44 degrees (Boggs et ai., 1990). Considerable seasonal and spatiai variability 
exists in the vemcal hydrauiic gradients. Typicdy, the verticai hydraulic gradients are 5 to 
50 &es greater than the horizontal gradients (Boggs et al. 1990). 
Figure 9.6 shows the average vertical hydrauiic gradients h m  monthly data for 1988 
to 1 991 (using data fiom Boggs (199 1,1992) in piezometer pairs immediatdy southeast and 
in the MADE MLS network Approlùmately 60 m upgrsidient of the paleochannel in the 
MADE MLS well network, the vertical gradients are strongly downward (3 to 1 1%). Near 
the upgradient and southem boundary of the paleochannei, the average hydrauiic gradients 
are slightly upward (as high as 2%)). In the middle and toward the downgradient boundary 
of the paieochanne1 the average vertical gradients are consistently mal1 ( less than 0.5%). 
Between 10 and 100 meters downgradient of the paleochanne1, the average gradients are 
strongly downward (2 to 8%). The g e n d  trends in the vertical hydrauiic gradients are 
consistent with groundwater converging upward and diverging downward as it enters and 
exits a the high -K region associated with paleochannel bedload deposits. 
9.3 HYDRAULIC PROPERTIES 
ne effective -ssivity ofthe CAFB at the regional scale has k e n  estimated at 
30 cm2/s based on the late-time resuits of drawdown responses h m  fÏve large-SC& aquifer 
tests discussed in Chapter 6. Large-scale trends in aquifer properties~inferred h m  early- 
time drawdown responses h m  the pumping tests in Chapter 6 and h m  borehole flowmeter 
tests in Chapters 4 and 5 suggest a correlation between large-sale K patterns and the 
paleochannel. SpecEcally, high K values (e-g. 1.0 to 0.1 cds) are associated with 
paleochannel coarse channel lag deposits, low K values (e-g. s 0.001 cmk) are associated 
with the fine overbank deposits in the concave region of the paleochannel, and moderate K 
values (0.02 to 0.002 d s )  are associated with point bar deposits in the convex region of the 
paleochannel. 
9.4 DETRENDING L O G O  DATA FROM CAFB 
9.4.1 Approrch to Detrendhg 
Based on the resuits of Russo and Jury (1 987), Rehfedt et al., (1 989% L992), and 
Davis et al., (1 99 l), ordinary les t  square (OLS) regression appears to be as good, if not 
better, than other more complicated methods for detrending nonstationary fields. Foliowing 
the example of Rehfeldt et al., (1992) and Davis et al., (1991), the OLS method will be used 
with polynomid expressions ta detrend the 88 1 log-) values iÏom the 1-Ha test site. 
Of interest to detrending the 1-Ha log(K) data set are the foliowing four issues: 
(1) The density of log(K) values at the I-Ha site is relatively high and is not 
Wrely to be exceeded at many groundwater test sites. As a result, detrending 
at other sites may not be an option because of insufiident data to de& 
trend(s). 
x 
(2) The objective of detrending the Iog(K) data fiom CAFB is to remove 
demmbktic panems or inhomogeneities in the log(K) data associated with 
large-sale sedimentological features.. In this paper, a "trend" is a pattern in 
the log(K) data related to a large-sale sedimentolopicai feature and 
"detrending'' is the removal of a l o g o  pattern associated with a large-scale 
sedimentological feature. 
(3) Because of its large dimensions and its high-K bedload deposits, the 
paleochanne1 in Figure 9.1 is the sedimentolopical feature of most concem. 
(4) Because th- are no physical or geologkal reasons why the detemiinistic 
log(K) patterns should be reproduced by Iowsrder polynomials, a prion 
constraints wiD not be placed on the maximum polynomial order available for 
deîrending. 
9.4.2 The 1-Ha Test Site Log&) Field 
9.4.2.1 Trend identitication 
Results nom borehole flowmeter, pumping and tracer tests demonstrate that the 
aquifer deposits associated with the paleochame1 in Figure 9.1 are responsible for a region 
of high log@) values in the upper aquifer. It is of interest to determine whether 
semivariograms, from which key parameters are derived to caiculated macrodispersivity 
values, can be used to identify and quanti@ trend(s) in the log(K) data. 
Global and directional semivariograms are provided in Figures 9.7 and 9.8. For 
cornparison, an exponential semivariogram model with a variance equal to the sample 
variance has been v i d y  fitted to the giobal semivariogram. (An approximate 95 percent 
confidence region is given for each sample variance, according to a method explained by 
Rehfeldt et al. (1992)). The global semivarïograms closely match the exponential model and 
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provide no evidence of a trend- The inabiIiw to detect the known trends in globd 
semivarioprams has been reported also by Russo and Jury (1987), Rehfeldt et aL,(1989a), 
and Desbara*i and Snvastava (1991). The dkdional horizontal semivariograms are similar 
to the globai horizontai semivariograms for Iag distances of iess than 40 meters. The 
variabiüty among the directionai semivariograms at lag distances beyond 50 meters is not 
known. The variabiiity may be related to l o g o  trends andlor to the biases introduced by 
the large lag distances compared to the site dimensions. 
The lack of evidence for a trend in the cumulative distribution or global and 
directional semivariograms prompteci d y s i s  of regional subsets of the l o g o  data. The 
rationale for regionai subsets is that fluvial aqwfers have deposits fiom a wide variety of 
depositional envkonrnents such as point bars, c)ianne1s, and cut banks that have different 
log(K) structures. To discover any differences among these deposits, the log(K) &ta were 
used to generate six subsets to represent the upper, lower, eastern, western, northern, and 
southem regions of the quifer. No geologicd information was use to guide the selection 
process. The log(K) data for each group is as follows: Upper - values above 58.5 meters 
MSL; Lower - values below 58.5 meters MSL; East - values fiom wells east of weil5, West - 
values fiom wells west of weU 5; North - values fiom weils north of weU 5; South - values 
h m  weiis south of well5 (see Figure 9.2). Each of these subsets contain between 320 and 
470 log(K) values and represent an area with at least one dimension greater than 90 meters. 
Shown in Figure 9.9 are the semivariograms for the six log(K) subsets. For m u W y  
exclusive data sets, similar results were obtained for the upper and lower regions but large 
differences were obtained for the west and east regions Based strictly the properties of the 
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semivariograrns s h o w  in Figure 9.9, one could inferred that a trend in the vertical is not as 
important as a trend in the east-west direction. However, other statistical measures provide 
a dinetent picture. For instance, cornparison of the mean values among the mutually 
exclusive subsets indicates thai the largest différence occurs between the upper and lower 
regions, with the former having more than double the mean l o g o  vaIue thau the latter. The 
Kolmogorov-Smirnov ümiting distniution test (Feileq 1948; SmUnov, 1948) also suggests 
diffierences ex& among the l o g o  subsets. The test provides less than a -0001% chance for 
the upper and lower Iog(K) subsets to be reaiizations of the same population and for the west 
and east log(K) subsets to be Ralizations of the same population. In short, although regional 
variograms and the statistics of their respective data sets provide qualitative insight into 
whether trends exist in the logw) data, they cannot provide sufncient information to 
identify, much less delineate, trends in the l o g o  data- 
In the final anaiysis, the fhs? step towards applying stachastic macrodispersion theory 
at CAFB, and perhaps most heterogeneous fluvial aquifers, includes the highiy subjective 
process of interpreting field data for identification of log(K) trends. This process can be 
partially successful at CAFB because of an 10-year field effort involving numerou tracer 
tests, pumping tests, and a geologicd investigations. However, even with the extensive data 
set available at CAFB, significant differences will exist among hydrogeologists. 
9.4.2.2 Detrendhg 
The log(') field was detrended by polynomiai expressions of orders one to six. The 
approach and the program used for the exetcise is M a r  to Rehfeldt et al. (1992). 
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Figures 9.10 and 9.1 1 show the caiculafed trends for the uppamost and lowermost 2 meters 
of the satrnated aquifii, ~ v e l y .  Selection of the most approximate trend based solely 
on visual observation (as proposed and done by Rehfedt et ai., (1992)) has problems and 
uncertainty. Some of the uncertainty is cawd by the unequal development of the high 
log(K) regions associated with the paieochannel and the scout channel. Because the 
paieochannel is larger and contains higher log(K) values than the lower river channel, the 
high log(K) region associated with the paieochannel evolves ahead of the high log&) region 
associated with the lower river channel. Another problem is the graduai refinement of the 
- 
high(K) region with increases in the order of the polynomial. In Figure 9.10, for instance, 
the high l o g o  region associated with the paleochaunel appears to begin with a second order 
polynomiai but is not dehed across the site until a fifth order polynorniai is atiained. 
Because of a lack of an objective criteria, an appropriate polynomial to detrend the log&) 
data is hard to just* based on visuaI observations. 
Among the classical methods for evaluating detrendhg method are F-tests (Davis, 
1986). F-tests values for evaluating the appropnateness of increasing the order of the 
polynomials to detrend the 88 1 log&) vaiues are in Table 9.1. The results indicate that at 
lest a fifth ordet polynomial is required to explain 50% (e.g. R2 is 0.5) of the variance and 
that the dinerence between the regression effect and a random effect (at a 1% confidence 
level) does not occur until after a sixth order polynomial. The F-test results indicate that 
there is no justification for using less than a sixth order poiynomial to divide the log(K) data 
into a detenninistic component and a stochastic component The F-test d t s  for 307 log&) 
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values fkom a teguiar grid are p~sented in Table 9.1 to show that any clustering in the 
88 1 log(K) data set is not d c i e n t  to affect the seledon of a'sùah order polynomial trend. 
Table 9.1 Resdb of ANOVA for Usiag Polynomllls to Detrend the Borehole 
Flowmeter K VaIaes at the 1-Ha Test Site 









Logw) values generated fiom borehole flowmeter tests at 13 wells on a regular 
grid (e.g. wells 1.3.5,7,9,22,27,33,34,35,36,37). 
R2 is dculated by dividing the sum of the squares due to regression by the total 
s u -  of the squares and represents a measure of goodness-ofXk 
The F-test was applied to determine which polynornial coefficients are not zero by 
chance given a 1.0% confidence limit (see Davis (1986) pg 423 for detailed 
expianation). 
Values calcuiated shows that innemental increases in the order of the polynomial 
equation up to a sixth order are jiistified by on a ANOVA analysis at a 1 .O% 
confidence limit except for the P order fit for the 307 log(K) values, which is 












88 1 L o g o  valu& 
F Te& 
0.07 4 N/A 
0.18 10 19 
0.26 15 9.5 
0.33 34 5.8 
0.50 53 13 
0.63 81 10 
307 Log(K)vaiuesB 























Table 9.1 also provides the results of F-tests to evaluate the contribution of the partial 
regresslon coefficients for each of the polynomiais. The resuits indicate that almost every 
term in the polynomid, even at the higher orciers, Ïs j d e d .  
9.4.23 The l o g o  residiiais lrom de-nding 
For each polynornial expression, a set of residuais was calcuiated by subtracting the 
value of the trend h m  the measured log@) value. If detrendhg has ken properfy 
accomplished then the residuals represent the stochastic (Le., random) component of the 
Iog(K) data requued to calculate macrodispeisivity values. Figrne 9.12 shows tbat increases 
in the order of the polynomiai cause decreases in the variance and the correlation scaie in the 
global semivariograms. The demeases continue unta M e ,  ifany, correlation exists arnong 
the residuais. Although there are noticeable Merences among the semivariograms for the 
original l o g o  data and for the residuals, thete is no indication that any of these Merences 
reflect the removal of trend(s). 
Unlike the global semivariogram, the directional semivariograms (Figure 9.13) 
provide evidence that trend removal occurs. ui particular, a third-order polynomial appears 
to remove enough of a trend to greatly improve the similarity among the directional 
semivariograms. The question remah, however, whether this third-order poIynomiai has 
properly detrended the data set. 
For the West and east subsets of the residuais fiom the third-order polynomials, the 
Kolmogorov-Smimov limiting diçtn'bution test (FeiIer, 1948; Smimov, 1948) provides less 
than a 2.3% chance that the two subsets could be  aik kat ions of the same population. A 
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increase h m  0.0001% in the l o g o  data to 2.3% is very signifiant but the probability 
increases to more than 20% for the fourthorder polynomial. This 10 fold increase in the 
probabiiity and the wide range of horizontal correIation lengths among the regional subset 
of third-order Rsiduals in Figure 9.14 indicate that complete detrending does not occur with 
a third order polynomid. 
Potentiai pmblems with detrending are m e r  reflected in the pmbability distnibution 
of the residuais. Ideally, the residuds should have a nonaal distribution because this is 
distribution created if a random deviation existed at each measurement point A test for 
n o d t y  is the KolmogorovSmimov test (see Davis, 1986). For this application, however, 
standard tables for the test such as those in Davis (1986) are not applicable because the 
parameters for the s p d e d  disfiiution are estimated fiom the sample data (LitFeforç, 1967; 
Davis, 1986). Using the appropriate tables developed by Lfiebrs (1967), the nuil 
hypothesis of n o d t y  is rejected with at a 99% confidence limit for every set of residuals 
produced by dettending with polynomids of order one through six. 
9.42.4 Comments regarding detrending the MADE L o g o  field 
Rehfeldt et al., (1992) indicate detrending the log(K) data at the MADE site is 
possible and s u c c e d y  accomplished with a third-order polynornial. This result contrasts 
with the results above for the log(K) data fiom the 1-Ha site. Given the proximity of the two 
test sites and the use of the same numerical code for polynomial regression, the very different 
outcornes require an explmation. The reasons for the different results include the method 
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of calculating K from borehole flowmeter tests, the depositional mode1 for CAFB, and the 
lack of an objective criteria to evaluate trends. 
The majonty of the work associated with detrending the log(K) at the MADE site 
(see Boggs et al., 1990) was pediormed when the CAFB aquifer was thought to be braided- 
river deposits. As a resuit, linle, ifany, concem was given to the possible importance of the 
paleochannel. The set of field tests with which the detrending results were primarily 
evaluated were the mapshots h m  the first MADE tracer test (8oggs et al., 1992). Thus, the 
information used to evaluate the detrending d t s  h m  the MADE site is signincantiy less 
than that for the LHa test site. 
The primary criteria for evaluating the MADE detrending results used by Rehfeldt 
et al., (1 992, 1989b) and Boggs et al. (1 990) is visual cornparison of ploned log(K) trends 
and field data. Objective criteria involving ANOVAs and F-tests, which are traditionally 
important aspects to regression andysis (Davis, 1986) were ignored. Application of the F- 
test to the MADE log(K) data provided in Boggs (1992) provides results nmilm to those 
obtained for the 1-Ha test site: aamely, there is no justification for using a polynomid less 
than a sUah order polynomial to divide the log(K) data into a deterministic component and 
a stochastic component. 
In evaluating the residuals, ReMeldt et al., (1992) limit the examination to global and 
directionai semivariograms. At CAFB, the trends in the log&) values are not expected to 
be aligned dong pathways across the entire site because of the location of deposits of 
difEerent depositional environrnents nich as point bars, charnels, and cutbanks. As result, 
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regionai ~emiva~ograms should be considered as part ofa detaiied analysis at the CAFB site. 
a- 
9.4.2.5 The feasibüity of detrending l o g 0  data rt CAFB 
Anaiysis of the l-Ha log(K) data set iliusfrates that trends are difticult to detect in 
semivariograms. The best method for detecting the presence of a trend is large-scale 
pumping or tracer tests. Justification of a polynomid selection to detrend the log(K) by 
visuai inspection is highly subjective and involves considerable uncertainty. At the 1-Ha 
test site, F-tests justify the use of sixth order polynomials with more than 80 terms. From 
a conceptual viewpoint, one shouid question detrending with a sixth order polynomial that 
includes many te- with no physical devance. Given the task of detrending with 
polynomials, there is sufEcient justification to use high-order polynomiais. Hence, the 
methodology for detrending and the rational for detrending requires scrutiny. 
At least two problems exist with detrendhg using polynomiai expressions and the 
OLS fitting criteria First, the method cannot equally or independently remove multiple 
log(K) trends of different magnitudes with the same efficiency. Second, the form of 
polynomials is not analogous to the sedimentological features at CAFB. A hdamental 
difEerence between the polynomial hctions and sedimentological features is that the former 
are continuous throughout the field, whereas the latter are limited in their areal extent. It is 
doubtful that polynomiais can remove a trend fiom one log(Q region without introducing 
a trend or noise into another log(K) region. 
The mapping of several former river channeis at CAFB was performed without using 
any detailed sedimentological data. Roper samplhg and analysis of the fluvial deposits 
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should help to define the architectural elements and the intemal skwtmes of the 
sedimentologicai features. Wïth th& tipe of information, it may seem appealing to partition 
according to sedimentological facies and then detrend. However, it is unlikely that 
additional data wouid be srrfficient to construct a detenninistic sedimentologïcai model on 
which to base detrending. Moreover, the elusive criteria reqyired to evaiuate detrending 
remain. 
9.5 SUMMARY 
At Columbus AFB, Mississippi, a hdamental c o d o n  among sedirnentologicai 
features, log(K) data, large-scale tracer test resuits, large-scale pumping tests, and ambient 
groundwater flow pattemu exists. This comection is most evident between high K values and 
the deposits associated with a paleochanne1 shown in an aefial photograph. The data clearly 
shows that the paieochanne1 is not a sudicial feature as suggested as Rehfeldt et al. (1992). 
The heterogeneous conditions at CAFB require a stochastic approach. It is clear that the 
trends in the Log(K) are the major causes for the highly skewed tracer plumes and the non- 
classical pumping-test results. 
Advocates of statiomuy stochastic theories suggest that these theones are applicable 
to nomtationary fields after deterministic features (e.g. trends, inhomogeneities) have been 
removed Yet, at Columbus and at other flwial aquifers, the primary reason for a stochastic 
model is the uncertainty with denning the deterministic features. For many fluvial aquifers 
where log(K) trends are Iikely to exkt (Neton et al. in press; Young et al., 1993b,c), an 
essential ingredient for the use of stochastic models is missing; namely, a method to remove 
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deterministic trends. The chapter shows that the assumptions and procedures req&ed to 
separate the Columbus logm data into a deterministic and stochastic component are highly 
subjective and uncCertain. 
If stochastic models are to be used at CAFB, it seems logifai that they should be 
aimed at qpantifying the effect of the uncertainty in the log&) trend and not the efféct of the 
uncertainty in the log(K) residuals. Because l o g o  trends cannot be defined accurately and 
they have a first-order effect on contaminant transport at CAFB, application of non- 
stationq models, which permit multiple realization of possible trends, wouid appear more 
useful and app1icabIe than stationary models, which are based on an invariant and assumed 
known trend As a resuit, at CAFB, considerable attention should be given to nonstationary 
models that can include geological information such as architectural models (Haidorsen and 
Damsleth, 1990; Haldorsen and MacDonald, 1988) and sequential indicator simulations 
(SIS) techniques (Journel and Alabert, 1990; Gomez-Hernandez and Srivastava, 1990). By 
performing multiple condition simulations with nonstationary models, an asessment can be 
made of how the uncertainty in the deterministic features of the aquifer affects the aspect 
of the groundwater fiow of interest. 
Figure 9.1 Location of two test sites at CAFB, MS superimposed on a 1956 aerial 
photograph that reveals a paleochaonel. 
Figure 9.2 Schematic of the regionai featurrs associated with the sedimentological 
Figure 9.3 Weil network for 1-Ha test site with location of the paleochannel estimated 
by dotted iine. 
Figure 9.4. Depth-averaged log&) cross sections for the upper and lowver 2 meter 
interval of the saturated aquifer at the 1-Ha test site based on borehole 
fiowmeter meter tests. 
224 days 
Longitudinal Distance dong Cross-Section A' - A (m) 
Figure 9.5 Vertical cross-sections of a tritium plume at the MADE site for 27, 132 and 
224 days after injection (modified from Boggs et ai., 1992). 
X (meters) 
Figure 9.6. Averaged vertical hydraulic gradients for paired piezornetea plotted in 
reference to the paleochannel in Figrne I and a scour channel filled with 
marine sands fkom the Eutaw Formation. 
Figure 9.7 Experimentd vertical and horizontal global semivariogram for Log(K) data 
fitted to an exponential semivariogram model. 
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Figure 9.8 Experimentai directionai semivariogram for log(K) data. Search angle is 
dong a horizontal plane and meanired clockwise nom north. 
Figure 9.9 Experimental regional semivariogram for log&) data 
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Figure 9.12 Experirnental global variograrns for the log(K) residuals. 
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TREND REMOVED 




TREND REMOVED r l  
oie-40 60 
LAG DISTANCE (metm) 
Figure 9.13 Experimental directional variogram for the log(EC) residuals. 
Figure 9.14 Vertical and Horizontal correlation Iengths determined by finiag an 
exponential semivariogram mode1 to the log(,) residuals. 
10. CONTRIBUTION TO SCIENCE 
No matter the technology used to remediate pundwaîer, a key i n m e n t  for success 
t 
is characterization of aquifer heterogeneity. In the United States, hadequate deheation of 
aquifet heterogeneity ha9 signifïcatltly contriiuted to the improper design, and consequently, 
the Mequate performance of many gromdwater remediation systems (Haley et ai., 199 1). 
At many, if not most, groundwater remediation sites, pumping tests are an integrai part of 
the site characterization program. At many test sites, a contn'buting cause for inadequate 
quifer characterization is that innifFcient andlor improper pump testing and analyses have 
been performed 
The primary contribution of this dissertation to the groundwater commdty is a set 
of ideas, tools, methodologies, and data that geohyckoIogists can use to help guide the 
characterization of heterogeneous quifers. For discussion purposes, contributions will be 
discussed with regard to the following four topics: 1) Characterhtion of the CAFB Asuifer, 
2) Borehole Flowmeter Tests, 3) Positive S b  Effects, and ,4) Single-well and Multi-well 
Tests in Unconfined Aquifers. 
10.2 CHARACTERIZATION OF THE CAFB AQUIFER 
The CAFB aquifer is important to the groundwater community for two reasons. First, 
approximately $10 million has been spent at CAFB on groundwater research focused on 
rnamdispersion and biodegcadation during the last 14 years. Second, the CAFB quifer is 
one of the few highly heterogeneous unconsolidated aquifers whose K field as been 
thoroughiy studied. For these two reasons, site specific &ts h m  CAFB directiy impacts 
the groundwater community perception of geohydrological processes. 
During the first Nt years of the work at the MADE site, geological investigations 
performed by Reheldt et al., (1989) had not identifiecl the paieochanneL shown in Figure 1.1 
and had concluded the CAFB aquifer was composed primariIy of braided nver deposits. 
As part of this dissertation, references and coliected field data demonstrate the CAFB asuifer 
is composed principally of coarse-grained meandering nver deposits. Among the most 
revealing information is a 1956 aerial photograph that shows a 70-m wide paleochanneI 
crossing through the 1-Ha and the MADE test sites. 
Examination of the borehole flowmeter K values h m  the 1-Ha test site indicate that 
the bedload deposits associated with the paleochannel represent a zone of interconnected 
high-K deposits. Contour maps of these K vaiues in the upper aquifèr provide a strong 
correlation between highX values and the paleochannel's location. The correlation between 
high-K values and the paieochannel, however, is not weil defined using the published 
borehole flowmeter K vaiues fiom the MADE site (ReMeldt et al., 1992; Boggs, 199 1; 
1993). The lack of correlation at the MADE site shouid be questioned because pattern in 
both the hydrauiic head field and the tritium tracer concentrations are consistent with the 
paleochannel contaking high-K material. As demonstrated in this dissertation, the strong 
correlation between the paleochannel and hi& K values did not exia at the MADE site 
because positive skin effects were ignored in the collection and analysis of borehole 
flowmeter data. To help illustrate and quant@ the ermr associated with positive effects, 
borehole f i  owmeter tests were performed at the MADE site in wek bacWed with different 
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materials. Resuits of these tests, shows that the MADE fiowmeter K values @Miel& et al., 
1992; Boggs ,199 1; 1993) signincautly underesthfiate the K values in the paleochannel. 
With the discovery of signifiant biases in the K data sets and the paleochanne1 at the 
MADE site, key relations and modeling approaches advocated by earlier MADE papers 
(Boggs et al, 1992; Adams and Gelhar, 1992; ReMeIdt et al, 1992) should be revisited. A 
specific issue addressed by this dissertation is the utility and appropriateness of stochastic 
macrodiSpemon theory. A problem with applying this theory to CAFB is the presumption 
of a second-order statiooary K field. Pattems in the K, hydraulic head, and tracer 
concentration data indicate that the K field contains sigoificant trends. Thus, in order to 
apply rnacrodispersion theory as atiempted by Rehfeidt et al., (1992), the K field needs to be 
separateci into a deterministic and stocbastic component Extensive analysis of CAFB field 
data in the dissertation demonstrates that this separation was not peifomed properly by 
Rehfekdt et al., (1992) and is Wrely not possible. Close examination of the data sets reveals 
that temporal variations in the hydrauiic head field have a much greater potential for 
producing dispersion than does the estimated macrodispersivities at the CAFB site. Hence, 
fiom the Viewpoints of both feasibility and utility, macrodispersion theory has littie practicai 
value for characterizhg hydrodynamic dispersion at the CAFB site. 
103 BOREHOLE FLOWMETER TESTS 
Borehole fîowmeter tests have the potential for king effective for characterizhg K 
spatial variability. This dissertation has helped improved these tests with respect to data 
collection and &ta analysis. A key component of flowmeter testing is the flowmeter tool. 
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Appendix C documents the development and demonstration of the electromagnetic 
flowmeter, wKch provides significant advantages over conventional impeiier and heat-pulse 
flowmeters. 
Numerous r e f d  articles proposeci and pracficed an andysis ofborehoIe flowmeter 
tests that ignored positive skin e f f i .  As demonstrated in this dissertation, positive skin 
effects can be signifiant in highly heterogeneous aswfers. A contributon of the dissertation 
is to demonstrate that skin effects can be minimited by using gravel-packs during weU 
installation and by using the Cooper-Jacob straight-iine me&d durhg data analyses. 
Using the borehole flowmeter K field at the 1-Ha test site, the disseaation illustrated 
fiindamental relations among sedimentological feahires, K values and patterns, and 
preferentiai fIow paths inferred from tracer tests. These results provide a fomdation on 
which flowmeter investigations can be effiectively incorporated into studies focusing on 
delineating K fields. In addition, the field work associated with large-sale pumping tests 
and the smd-scde tracer tests at the I-Ha test site provide a ba i s  for using borehole 
flowrneters to investigate short-circuiting in observation weIis during pumping tests and to 
delineate concentration profiles dwing recirculating tracer tests. 
10.4 POSITIVE SKIN EFFECTS 
Although positive skin effects can adversely impact conventional aquifer testing and 
sampiing methods, most field studies assume that positive skin eEects are negligible after 
conventional weil development procedures. Among the reasons for this practice is that there 
are no guidelines in the groundwater literature or requirements in regulatory field practices 
for evaluatiag positive skin effkcts. This dissertation shows that signincant positive skh 
effects still  exkt at CAFB after extensive weII development. An implication of this 
discovery is that unknown, and potentidy significaat, biases exïst with some of the tracer 
sampling and hydrauiic testing in the paleochanne1 at the MADE site. 
Seved appmaches are derno- in the dissertaiion for identifying and assessing 
the impacts of positive skin effécts. Documented positive effects in the paieochannel inchde 
biashg borehole flowmeter K values by factors up to 1000 and transmissivity values by 
factors up to 10. The most reliable and thorough method for identifiling skh effects includes 
comparing d t s  h m  borehole flowmeter tests in weiis of Merent well construction. A 
simple, but less reliable method, involves comparing the hydraulic response of pumping and 
slug tests. 
10.5 SINGLE-WELL AND MULTI-WELL TESTS IN UNCONFINED AQUIFERS 
A standard component to site characterization programs are single-weU and multi- 
weil pumping tests. Resuits fiom these pumping tests are usuaiiy the basis for quaflt@ïng 
aquifer structure and hydraulic properties. A concem with pump tests in heterogeneous 
aquifers is that conventional analyses methods are premised on paradigms associated with 
homogenous aquifers. At heterogeneous site, conventional pump-test analyses involving 
type-cwe matching should be enhanced to hclude a simple sedimentological model and 
complementary numerical simulations. The purpose of the sedimentological model is to help 
delineate plausible areal and vertical aquifer heterogeneities. The purpose of numerical 
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simulations is to imrestigate andior contirni the potatid impact of m e r  heterogeneity on 
aquifer drawdown response. 
As demo~l~ttated in the dissertation, areal heterogeneity in the CAFB tt;insmissivity 
field greatiy impacts drawdown responses. With respect to numemus large-sde pumping 
tests, changes in the location of the pumping weU with respect to the paieochanne1 affect the 
shape of the drawdown curves. 
pumping tests is the relations 
An important aspect with interpreting the large-sale 
among the radius-of-influence, the sequence of the 
transmissivity changes radiaily outward fiom the pumping weU, and the semilog dope of 
the time-drawdown responses. 
Dependhg on the location of the pumping well, drawdown c w e s  at CAFB Vary 
considerably and cm potentially resemble those associated with leaky quifers, c o h e d  
aquifers, or unconfined aquifers. At CAFB spatial variations in aquifer transmissivity field 
largely contmls the shape of the time-drawdown response curve. P d e n t  use ofthe Cooper- 
Jacob straight line method was dernomtrated to proMde teasonable ûansmissivity values for 
early and late-tîmes for ail pumping test data Because of the unconfined conditions and a 
redy extremely transmissivity field at CAFB, the expansion rate of the radius-of-influence 
is aBected by the pumping rate. As a consequence, the tnmsnissivity value calculated nom 
the Cooper-Jacob straight-line method can be significantiy affected by the pumping rate. 
Thus, in heterogeneous and unconfined aquifers, pumping tests should be designed and 
d y z e d  with consideration of the sensitivity of effective transmissivity to elapsed tirne and 
the pumping rate. 
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Besides areal heterogeneity, an important consideration rit CAFB is vertical 
heterogeneity. Rimanly because of vertical heterogeneity, large férticai hydrauc gradients 
exist at CAFB and sipnincatlt vertical flow can occur between non-adjacent high-K deposits 
Ma an open weil screen. Results of borehole flowmeter and recircuiaîion tracer tests show 
that high-K pathways between the pumping and observation wells can Iead to umeakh . .  C 
storage coefficients king calculated h m  type-cwe analyses. In f i  because of the 
exîremely heterogeneous conditions at CAFB, there is littie, if any evidence* that 
representative values of specinc storage codd be gleaned nom early time drawdown data 
at CAFB. Numerical simulations show that the well screen vertical and horizontal location 
impacts greatly the cdcuiated storage coefficient 
Il. LESSONS LEARN AT CAFB AND THEIR APPLICATION TO 
INVESTIGATIONS OF SIMILAR FIELD SITES 
11.1 THE KEY TO  CA^ 
When field work was initiated at CAFB in 198 1, the adopted paradigm for the K 
field was a second-order stationary field, which is presumed by many stochastic theorks 
developed in the late 1970's. Fueled by suc ces^ demonstration of stochastic 
macrodispersion theory in the early 1980's at Borden, Cape Cod, and Twin Lakes, early field 
work at CAFB was performed with little consideration to the possiaiüty that within the 
highly heterogeneous CAFB K field the= were dehble  patte- that could greatiy impact 
groundwater flow and transport. 
From 198 1 to 1989, millions of dollars was spent at CAFB applying numerous 
conventional field tests. During this tirne, none of the professionais examiaing the field data 
çuspected that a major geohydrological control at the site were hi&-K channel lag deposits 
associated with a paleochaunel. With regard to docking the geohydrologic structure of the 
CAFB quifer, the singie most important piece of information is the aerial photograph of the 
paleochaunel. Without this photograph there would have been no basis for investigating the 
validity of the borehole K measurements at the MADE site, the application of conventional 
weIl anaiysis techniques to large-scale pumping tests, the sensitivity of calcdated CJSL 
transrnissivity values to the pumping rate, the importance of comectivity among hi&-K 
deposits, and whether signifiant positive skin eEects exist at weUs within the paleochannel. 
With knowledge of hi&-K deposits in the paleochannel, most of the non-classical respomes 
fiom both large-scale tracer and pumping tests resuits at CAFB can be explauied. 
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An important lesson Ieam at CAFB is that at s i t a  where paieochameis might exists, 
field work and data anaiyses should not be geared toward developmg effitive properties of 
a presumed homogeneous media but rather toward identifying and quantifyuig the scale, 
the arrangement, and comectivity of aquifer heterogeneities. In investigating flwial 
deposits in support of aquifer remediation, the mindset shouid be more toward assuming 
that preferentiai fiow paths are important until proven otherwise than toward assuming that 
preferentid fiow paths are not important mtil proven otherwise. Given practical ümitations 
of resource and time, a site characteization program cannot be gear toward delineating all, 
or even most, of the preferentid flow paths. However, wïth prudent use of geological 
investigations, borehole flowmeter tests, miail-scde multi-well pumping tests, and srnail- 
scaie tracer tests a reasonable goal for a site characterization program to evaluate the 
potential importance of preferentd flow paths in a fluvial aqwfer. 
11.2 ASSESSMENT OF THE FIELD INVESTIGATIONS 
Based on the &ta fiom CAFB, the author recommends tbat a site characterization 
program for meandering river deposits be structured to assess the potentiai for preferentid 
flow paths to significady impact groundwater fiow and transport. In order to perform such 
an assessrnent several different type of information are required Listed in Table 1 1.1 are 
the types of information sets coIlected at CAFB to help evaluate possible aquifer coIlStflllcts 
and preferential flows that impact groundwater flow and transport, The various information 
sets are grouped within the folIowing four general aquifer pmperties: 1) Geologic Structure; 
2) Transmissivity Field; 3) Hydraulic Conductivity Distribution; and, 4) Preferentiai Flow 
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Paths. The idormation sets listed for each quifer property are K t e d  to only those that 
can be directly used to characterize the aquifer pmperty of interest. For instance, although 
geology and hydraulic conductivity values indirectIy help to assess the potentid for 
preferential flow paths? it is the interpolation of these data that directly helps to assess the 
potential for preferentid £bw paths. 
Besides each information set is a ranking that reflects the value of the information 
set for characterizhg the aquifer property. Listed below are shoa explanations for the 
raakings. An understanding of the different &ta sets and the<ranking is a perquisite for the 
development of general site characterimtion strategy for aquifers with deposits similar to 
those at CAFB- 
11.2.1 Geologic Structure 
A key to understanding the geohydrology at CAFB is the location of the high-K 
deposits associated with the pdeochannel channel lag deposits. Consequently, aeriai 
photographs received a high rankuig of 10. A review of existing geological reports 
regardhg Columbus, Mississippi produced very usefid information including aerial 
photographs of ox bows and pa leocbels  within a few miles of CAFB. Based on these 
photographs and detailed stratigraphy of large-sale continuous coring, two references stated 
the much Columbus, Mississippi, is composed of meandering river deposits. Aithough the 
background literature nuvey did not specificaiiy discuss the test site, it merits a ranking of 
7 because it identified the depositional environments responsible for the CAFB quifer. 
Table 11.1 Reïative Importance of Dinerent Idorautioa Sets for Defining Aqaifer 





INFORhrLATION SET RANKING 
1. Geologic a Aeriai Photograpbs 
b. Background Literature Slwey 
c. Continuous Aquifer Cores 
(hcludes Grain-Size Analyses) 
d. Facies Mapping of Outcrops 
e. Split-spoon Sampl& at 5-foot centers 
(Includes Grain-Size Analyses) 
2. Transmissivity a Single-Well Pumping Tests 
Field 
b. Small-Scale Mdti-Well Pumping Tests (< 3 hours) 
c. LargeScale Mdti-Well Pumping Tests (> 12 hours) 
d. Slug Tests 
- - -  
3. Hydrauiic a, Borehole Flowmeter Tests 
Conductivity 
Distribution b. Straddie-Packer Tests* 




a Small-sale Recircuiation Tracer Tests 
b. Small-sale Recirculation tests 
c. Smaii-scale Multi-well Pumping Tests 
Note: *Data was not presented in dissertation. 
Ranking is on a linear scale fiom 1 to 10 with 10 being the most useful. 
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Examinaton of the eight contiauous aquifer cores and the facies map did not provide 
evidence of large-sale (> 50 m) trends in aquifa properties. A limitations of bath the 
Lunited continuous cores and the single f i e s  map was that some ofthe geologid processes 
of interest occurred at much greater dimensions than the scaie of the field measurements. 
For either the facies map or the continuous cores to be useful indicators of large-scale K 
trends, a prohibitive amount of data wodd be required. The primary value of the facies 
map and continuous cores Lies in revealing some of the possiïle vertical sequencing of fine- 
grained and coarse-grained deposits. Both information sets show that abrupt changes in 
grain-size fkquently occur over vertical distances as srnail as a few centimeters and that 
thin layers of he-grain matends are often interbedded with coarse-grain deposits. The 
facies rnap showed that coarse-grained "stringer" couid extend for distances 10 to 50 times 
their thicknesses. Examination of the grain-sùe analysis of the continuous cores suggest 
much of the aquifer was formed nom a high energy and chaotic depositional environment 
simila. to a coarse-grained meandering river or braided river with fiequent floods. Trends 
in the grain-size distniutions supported the division of the aquifer into the following three 
zones: 1) above 62 m MSL-the clayey overburden; 2) between 54 to 58 m MSL-the 
lower quifer; and 3) between 58 and 62 m MSL- the upper aquifer. Because they both 
provide sound evidence that preferentid flow occurs at the scde of 1 to 10 meters, the 
continuous cores and the facies map were assigned a ranking of 5.5. 
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During the f5st several years of dalling at CAFB, aquifer samples were primarily 
coiiecîed with a 45-cm long, 3 8 c m  ID, split-spoon at 1 -5-m centers. Afier approxïmately 
70 borehole locations had k e n  split-spooned, several attempts were made to construct 
aquifer cross-sections h m  the data. Construction of reliable cross-sections proved to be 
impossible with such a sparse data set. W1th hindsight, a better data set wodd have been 
constructed with continuous samples firom perhaps 20 locations. However, there is some 
question on whether these 20 locations should be sampled with a 3.8-cm ID split spoon. 
Compared to the cores coilected via the 3-foot long, 3.0-inch diameter, continuous core 
banels, the deposits in the spiit spoons appear highly disturbed and biased with an 
undersamplhg of the comest materials. Because the split-spoon samples provided 
marginal information about the aquifer structure, a ranking of 3 was assigned to the split- 
spoon data set. 
11.2.1 Transmissivity Field 
Pumping tests and slug tests are commonly used to detennine aquifer transmissivity. 
At heterogeneous quifers such as CAFB, definition of the scale eEit  on calcuiated 
transmissivity values at each well location wouid help to evaluate the potentid for 
prefetential flow. Theoretically, slug tests shouid provide the best estimate of transmissivity 
at the local sale. However, at CAFB signiscant positive skin effects occur at some wells 
without gravel packs. As a result, if slug tests are used in wells without gravel packs, 
positive skin effects wil l  cawd the calcuiated tnuismissivity values at some w e b  to be too 
iow. If gravel packs are use4 then slug-test transmissivity values wiil be too high at some 
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wefls because of the region of high-K gravel-pack material. Co~l~eqllentiy, s1ug tests 
received the low ranking of 1- d 
At CAFB, the d t s  of the pumping-tests showed that measurement kale had a 
signifiant effect on the calculated transmissivity values. Both field and theoretical .data 
show that the represenbtive scale for the transmissivity values increased at later time and 
at higher pumping rates. The best method for defining a map of local-scale transmissivity 
was h m  single-weU pumping tests perfiormed at a low pumping rate. Results h m  these 
tests at the 1-Ha test site produced transmissivity values that rangeci f?om 500 to 1 cm2/s and 
a transmissivity pattem that a p d  with high-K deposits lying in the paleochannel. 
Analysls of the large-de pumping tests at the 1-Ha tests site produceci traosnissivities that 
ranged fiom 40 to 20 cm2/s and a transmissivïty pattern that was relatively uniform. 
Based on the variability Uustrated in their respective transmissivity pattern, the single-weUU 
pumping tests and large-scale pumping tests were given a ranking of 9 and 4, respectively. 
The transmissivity values nom the multi-de pumping tests produced transmissivity vaiues 
reflective of both the single-weii and large-scale. A raoking of 6 was assigned to the mdti- 
well pumping tests to rdect a utility that ranks in between the 0 t h  two tests. 
11.2.2 Hydrauiic Conductivity Distribution 
Although the dissertation presented only borehole flowmeter K values, K values 
were calculated with several other methods. These values meet with varying degrees of 
success, but none were as effective as the borehole flowmeter method. An important 
consideration at CAFB is that K values are needed at a resolution and at a scale that supports 
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extrapolation to a continwus three-dimensional K field for pdc t ive  assessments of 
groundwater traaspoa Of the four K informa6on sets listed in Table 11.1, borehole 
flowmeter tests provided the most usefui K data to support groundwater modehg. At 
CAFB, borehole flowmeter tests were pedormed and analyzed differentiy at the MADE site 
and the 1-Ha test site. Based on the methodology used at the 1-Ha test site, borehole 
flowmeter tests were assigned a ranking of 9. 
In a bighiy heterogenous aquifers with very coarse-grained deposits, the validity of 
many, ifnot ail, predictive equations for K based on grain-size is questionable. A review 
of these prain-size methods reveal that most are based on data h m  significantIy l e s  coarse 
and better sorted aquifer deposits. Based on a Iimited evaluation of the grain-size equations 
involving both field data and theoretid coIlSiderations, these equations are given a ranking 
Detailed penneameter tests were @onnesi on eighty-seven 25-cm long sections of 
the 8.3-cm ID continuous aquifix cores according to a method describecl by Wolfe et al., 
(1 99 1) (Ogden, 1994) The author supemsed the collection and testing of these samples and 
has not reported the vaiues because of concems with the test results. One problem was the 
representativeness of the samples. Because of the relatively small sample diameter and 
coarseness of the aquifer deposits, most of the samples were highiy disturbed. A not 
inkquent occurrence wae gravels larger than 5 cm partially blocking the relatively small 
cross-sectional area of the sample. In one sarnple, over 90% of the cross-sectional area was 
blocked by a single stone. During many of the tests, significant channeling of water 
through the permeameter was evident but iikely could have been eliminated if a pressurized 
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flexible sleeve was used to contain the sample. Because of par  sampling and 
instrumentation setup, the permeameter K values were not considered reiiabie and therefore 
were assigned a rankùig of 3. If diable K values couid have ben measmement, an useful 
cornparison would have been among grain-size distriiuîiom, pmeameter K values, and 
borehole flowmeter K values. 
Straddle packer tests were performed at a few wek and their results were compared 
to results nom the borehole flowmeter data (Boggs et al ,  1990). The K values estimated 
from the packer tests were consistently higher than those obtained fiom the flowmeter 
measurements, and they showed l a s  variation. This difference was a t t r i ï d  to &cial 
vertid movement of the injected water within the dishirbed weil annulus during the packer 
tests. Because the stradde packer tests is are less tolerant of positive skin effects and aquifer 
heterogeneity thaa borehole flowmeter tests, straddle tests were assigned a ranking of 5. 
11.23 Preferentiai Fiow Paths 
In a heterogeneous aquifer, the interpolation method for constructing a three- 
dimensionai K field can be as important as the K values themselves. Without information 
regarding specific preferential flow paths as measured nom tracer tests or patterns iderred 
fÏom hydraulic testing, there is no data for rigorously evaluating the appropnateness of 
alternative K fields. Large-scale tracer tests are too expensive and timetonsiuning to 
consider as a part of a site chanicterhtion program. Though they c m  be relatively 
expensive, d - s c a l e  recirculating tests can be quickly completed. Because the the tracer 
breakthrougit curves and flow distributions provide a relatively simple and direct method for 
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evaluating the comectivity among the asuifer highX deposits at d e s  of 5 to 20 m, these 
tests were assigned a rankuig of 8. 
The primary cost factors associateci with the small-de tracer tests is-the equipment 
and Iabor associated with the collection and d y s i s  of the tracer data Considerable con 
can be ornitted with a relatively s m d  reduction in valuable data by eIiminatiag aII tracer 
work and focusing on borehole Bowmeter measurements a the pumping and extraction wek. 
Tests in which a steady flow field is established by a array of pumping and injection welis 
and quatltified by borehole flowmeter tests at each weU is designated as a "srnail-scde fiow 
recirculation test" Because this type of flow data c m  be easily used to help evaiuate 
alternative K fields, smd-scale recirculation tests were assigned a ranking of 6. 
Small-scale multi-weii pumping tests involve pumping a weli and d y z i n g  the 
transient response at observation weiis to calculate aquifer hydrauiic parametea. If 
numemus tests are performed, the range in cdcdated storage coefficients can be used as 
a measure of the variability in the asuifeis flow paths. AIthough these resuits carmot be used 
to delineate particuiar hi&-K zones, they do provide useful qualitative data conceming 
aquifer variability. An aquifer with a large range for the calculated storage coefficients 
would have a much greater potentiai for preferentiai flow than an aquifer with a smaii range 
for the calculated storage coefficients. When combined with borehole flowmeter K values, 
information fkom these tests should help with selecting the most Iürely zones of high-K 
interconnectivity beîween selected weii pairs. Because smali-scale multi-weli tests provide 
more qualitative thaa quantitative idonnation, the tests were assigned a ranking of 4. 
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113 BOREHOLE FLOWMETER TESTS 
BorehoIe flowmeter tests represent a pmmising method for characterizing the K fields 
of heterogeneous aquifers. Like many types of field tests, borehole flowmeter tests are not 
failsafe and a established guidelines are needed for properly collecting and andyzïng the 
dam Table 112 iists the major tasks associated with flowmeter tests. Based on the field 
test program at CAFB, several lessons have ken learn on how to implement each task. 
Of the four drilüng rnethods used at CAFB, hollow-stem augering produced the 
greatest aquifér disturbance. If gravel-packs are not to be use& then flowmeter weUs 
shouid not be installed with hollow-stem augers because of concems with positive skins. 
Two advantages of using augering methods are that they are cheapa than drilling with 
methods involving protective casings and they permit effective sampiing of aquifer 
deposits. In order to maximize the number of well installations and the number of aquifer 
samples, auger weU installations are recommended with the co&t that a gravel-pack is 
used. 
Aithough not reported in the dissertation, extensive weIl development studies were 
performed at CAFB. These studies conclusively show that well development is essential to 
coiIecting representative flowmeter data. A reliable weli development protocol at CAFB 
involved a sequence of pumping, mechanical surping, and back flmhing that took 
approximately 3-hours to complete. At similar sites to CAFB, this protocol may be 
appropriate after being evaluated. Data for the evaluation could be cokcted by developing 
and flowmetering a weil and then repeating the sequence. If the two borehole flowmeter 
profles are very similar then the protocol can be adopted without any changes. If notable 
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ciifference exist between the two pionles, then additional field investigations are need to 
develop an appropriate weiI development protocoI fof that site. 
Considerable field data is collecteci during a borehole flowmeter tests. Accurate and 
reliable field equipment is required Automatic data logging is a nquired to ensure unbiased 
and accurate recording of ail field data. Transducers and flowmeters should be of highest 
quality and subject to both pre- and pst-testing calibrations. The flowmetet tool ofchoice 
is the electromagnetic(EM) flowmeter. Several field tests at CAFB have demonstrated that 
the EM flowmeter ha signincantiy better performance c&racteristics with respect to 
measurement range and durability than does high-performance impeller meters. 
The pumping rate for flowmeter tests should be as low as possible without adversely 
impacthg the capability of the field equipment to accurateIy measure the drawdown vernis 
time response and the cumulative flow vernis depth profile. Low pumping rates help to 
minimize weil head losses and the vertical groundwater flow near a weil. In addition, if 
pumping rates affect the expaLlSion rate for the radus-of-iafiuence, a low pumping rate helps 
keep the calculated transmissivity value reflective of the local scale. Flowmeter 
measurements should not begin mtil the hwdown level staas to stabilize in the well. At 
a minimum, flowmeter measurements should be taken at intervals equal to one-tenth of the 
aquifer thickness. After an initial flowmeter meaniremene have been made, several should 
be checked and then additional measurements make where large changes in flow occur. 
The recommended &ta analysis method is based involves a modined procedure 
developed by Molz et al., (1 989) that is discwed in Chapter 4. This method requires a 
profile of borehole flowmeter measuiements vernis depth and a transmissivity value. For 
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aquiférs composed of vw permeable deposits such as âhose at CAFB, the best approach for 
/ 
calculating transmissivity is applyhg the CJSL method to drawdown data fiom a pumping 
test. 
Tabk 11.2 Major Tuks uociated witb Impiementhg the Borehole 
Fiowmeter Tests 
- - 
Task Factors Affecting ResuIt 
1. WeU installation 
. . 
2. Weii Development a Conventional Techniques 
b. Hydraulic Jetting 
3. Data CoUection a Flowmeter 
b. Transducer 
c. DataLogger 
4. Field Testing a Pumping Rate 
b. Measurement Frequency 
5. Data Aaalysis a Method 
b.Transmissivity Caicdation 
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APPENDIX A 
DESIGN AND INSTALCATI.ON OF THE INITIAL 37 WELLS 
AT THE 1-HA TEST N"lE 
kl DESIGN OF THE WELL NETWORK 
Planning for the weii network began in 1988 and included the following seven 
objectives: 
1. Conduct a large-scale recllcuiation tracer test at the scale typical for 
bioremediation of jet-fuel spik; 
2. Monitor the pathway of tracer transport between the injection and withdrawai 
wells during the large-scale tracer test; 
3. Conduct a series of smali-sde tracer tests at the d e  of the averaged dirnensioiis 
for the grave1 and sand lenses; 
4. Perform large- and d - s c a l e  pumping tests at the test; 
5. Determine the geosbtistical properties of the hydraulic conductivity field; 
6. Determine values for hydraulic pressure and hydrauiic conductivity fields so that 
two- and three-dimensional fields codd be approximated; and 
7. Maintain a reasonable cost for the well installation program. 
Because of the complexities associated with optimizing the weli locations with respect 
to the seven objectives, the author (as a TVA employee) and GeoTrans, Inc., a subcontractor, 
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developed the computerpmgnim WELPLAN. WELPLAN was used to help construct a well 
network gÏven a set ofcoI1Sbaillî.s for the mil 10cations and to help evaluate the m& of 
alternative weii locations for calculating a semivariogram. 
=PLAN receives as input the number of e>astuig web, the number ofnew w e k  that 
are to be used to impove the data set for luiging, the number of weUs to be used to improve 
the data set for the semivariogram, the boundaries for the well network location, the lag 
distance, and the weights assigned to the criteria on which the well locations are evaluated. 
For the test site, a unit lag distance of 3 meters was used in WELPLAN and the following 
three critena were used to rank each weil network configuration under consideration: (1) a 
sufncient number (>IO) of paired data points are available for every lag distance which is a 
multiple of 3 meters; (2) the acnial average lag distance for each set of data points does not 
deviate more than 0.2 m from the desired lag distance for that set of data points; (3) the 
variance in the lag distance for each set of points is less than 0.5 m. 
The author used WELPLAN interactively to develop the well network. The steps used 
to design the well network were as foilows. The fint 17 wells were selected to provide 
Morm coverage across the site and weU locations suitable for conducting a large-scale 
four-well recirculating tracer test and for kriging. The next 10 weii locations were selected 
primarily to improve the semivariogram calcdations. The next 9 well locations were 
selected with considerations 2, 3, 4, and 5 iisted above. The last well (Number 37) was 
located adjacent to Well 28 so that the effects of the well installation method on welI 
performance could be investigated. 
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Figure Al illustrates the nnal weil wtwork. In designhg the weU network, WELPLAN 
was run apptoximately 600 times. The 37 weiis provide foi666 weli paVs (i.e., 57*36/2). 
Figure A 3  shows the distribution of the weii pairs as a fiinction oflag distances and the 
angles between the wells. The angles b e e n  the wek are measured clockwise fiom the 
north and are important with regard to Objectives 4 and 5 iisted above. 
A.2 m L L  INSTALLATION, CONSTRUCTION, AND DEVELOPMENT 
Four well drillùig methods wem used to install the weiis. The first 3 wells were jnstailed 
in Febniary 1988 by the air percussion methd The air cornpressor operated at 1 1 O psi and 
at a flow rate of 20 m3/min. The drill casing was flush-jointed and had a 7.5-cm OD. hrring 
November and December 1988, Graves Well Drilling of Sylacauga, Alabama (AL), used a 
Bucynis-Erie cable drill rig to instail seven wells. The drill casing had a 10-cm OD but had 
casing couplings that were 11.5-cm OD. In December 1988, Law Engineering of 
Birmingham, AL, installed 1 1 weik by the rotary method with a Faîiing 1500 rotary wash 
dm rig. The d d i  casing was flush-jointed with a IO-cm OD. During April 1989, 
1 1 additional w e k  by the air percussion method and Sprùiger Engineering of Starkville, MS, 
iostalled 5 weils by the hollow-stem auger method with a CME 65 drill rig. The hollow-stem 
auger had a 9.0-cm ID and a 15cm OD. 
During the weU drilling, major problems occurred at Weiis 8,4,6, and 13. At Weil 8 
on 9 ~ovember 1988, the cabie tool ng &ove the drill casing to a depth of 39 feet but could 
not withdraw the driii casing. On 21 November 1988, a Crane was mobilized to retrieve the 
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dnii casing. The long delay in k i n g  the d d  casing may have adverseIy affected the 
aquifer properties in thé vicinity of the well. 
On 11 November 1988, the drill casing broke during its retrieval at Well 13. A new 
location for Well 13 was seiected; presently 6 meters of steel casing exîsts at the original 
location of Weii 13. The bRaking of the drill casing was attri'buted to d91luig a cmoked hole 
(Law, 1989). 
In Decernber 1988, a iight- to medium weight mud (450 Ib/ft)) was inappropnately 
used during a rotary wash weil instalIation method at We114. The drilling mud, Super Gel 
X Extra Hi& Yield hilling Fluid, was a product of American Coiioid ~ompany and is 
nonbiodegradable. Law Engiu&g reporteci that their well development activities indicated 
thar the introduction of the mud had no adverse afEects on the hydrauiics of the well &aw, 
1989). In December 1988, the drilling mud was also inappropnately used at Weil 6. At 
Weii 6, the drilling and setting of the well progressed satisfactorily, but as the drill casing 
was retrieved h m  the hole, it was discovered that a 10-foot section of the casing had been 
lost d o m  the hole. Law Engineering inserted the driiiïng mud to stabiiize the borehole so 
that the lost casing could be retrieved and the well set Law Engineering reported that their 
weil development activities could not remove the apparent effects of the drilling mud. One 
week d e r  the installation of Weiis 4 and 6, TVA performed single-weli pumping tests on 
the weh. TVA showed that both w e b  were ineversibly affiected by the drilling mud. The 
decision was made to install new wells for 4 and 6 about 2 meters away fÎom the original 
Iocations for Wells 4 and 6. 
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Table Al lists the coordinates, top of casing elevations, iastallation methods, 
installation date, and the drilling companies for the 37 weUs in the well network. AU of these 
wells were collStNcted and developed according to the procedures demibed in the foIlowing 
two sections 
A.2.1 Weil Construction Method 
Ail 37 weUs are consüucted h m  Schedule 40 5.08cm TRIOC PVC pipe. The screened 
sections of the pipe have 0 - 0 2 5 ~ n  slots spaced at increments of 0.3 17 cm. The slotted pipe 
has an open atea of about 5 percent At its bottom, each weîl has a 14cm unslotted section 
of pipe below about 9 meters of slotted pipe. Above these sections, the welis Vary in their 
const~ctions; however, every weii has slotted pipe up to at least 0.5 meters fiom the grotmd 
surface. During the construction of each weli, the location of the slotted and unslotted 
sections of pipe were recorded. 
During the construction of each well, four 0.06-cm OD plastic tubes were attached at 
designated locations on the wellrs exterior and extended to the top of the well. The tubes - 
provide the capability for monitoring the hydraulic pressures during anibient conditions and 
during pumping by the method demonstrated by Young and Boggs (1988). and for obtaining 
groundwater samples during subsequent tracer tests. The plastic tubes were color-coded for 
ease of identification and attached in such a fashion as not to block any screened sections of 
the pipé. 
Table Al WeU Specifications 
1 41 41 LAW RW 1 1/23/88 65.18 
2 41 63 LAW RW 1 1/29/88 65.40 
3 41 85 LAW RW 12/02/88 65.5 1 
4B 63 42 TVA AP 4/11/89 65.38 
5 63 63 TVA AP 217188 64-97 
6B 63 84 TVA - A£' 4/07/89 65-30 
-- - - - - - - - - - -- - -  - 
7 85 41 GRAVES CT 1 1/09/8 8 65.12 
8 85 63 GRAVES CT 1 1/22/88 65.12 
9 85 85 LAW RW 12/04/88 65.36 
IO 74-59 62-52 LAW RW 12/04/88 65-33 
11 71.95 70.8 GRAVES CT 1 1/15/88 65.0 1 
12 78.9 61.66 GRAVES CT 11/14/88 65.12 
- 
13 58-5 61.5 LAW RW i 2/06/8 8 65.15 
14 55.52 66.17 GRAVES CT 1 111 8/88 65.45 
15 73.88 70.52 GRAVES CT 1 1/15/88 65 .O2 
16 59-03 65.32 LAW RW 120 1/88 65 -44 
17 68.67 51.85 LAW RW 1 2/06/8 8 65.05 
18 47.28 60.61 LAW RW 11/30/88 65.32 
19 55.83 63.55 LAW RW 1UO 1/88 65.52 
20 65.81 71.05 GRAVES CT 1 1/17/88 65.29 
21 73.8 52.41 LAW RW 1 2/05/8 8 65.09 
22 108.7 63.0 TVA AP 2/11/88 65-09 
23 85.87 102.6 TVA AP 2/18/88 65.0 1 
24 77.5 58.3 TVA AP 4/06/89 65.54 
25 73.2 59.4 TVA AP 4/06/89 64.87 
26 53.93 77.05 TVA AP 4/07/89 65-07 
27 63.0 108.7 TVA AP 4/05/89 - 65.58 
28 17.3 63.0 TVA AP 4/05/89 65.0 1 
29 63.0 17.37 TVA AP 4/05/89 64.92 
30 53.88 50.16 TVA AP 4/11/89 65.0 1 
31 79.22 78.27 TVA AP 4/1 0/89 65.47 
32 81.60 47.44 TVA AP 4/10/89 65.67 
33 17.37 17.37 SE HS 4/06/89 65.51 
TVA - Tennessee Vdey Authonty LAW - Law Engineering 
SE - Springer Engineering GRAVES - Graves Drilling 
RW - Rotary Wash (10-cm OD); Number of RW wells = 11 
AP - Air Percussion (9.0-cm OD); N u m k  of AP wells = 14 
CT - Cable Tool(11.5sm OD); Number of CT wells = 7 
HS - Holiow Stem Auger (15-cm OD); Number of HS weils = 5 
TOC - Top of Casing 
Figure A.3 is an example of a typical weli installation. At each of the wells, the 
aquifer was permitted to collapse around the well and no extensive backing was performed 
with either the natural mataial or sand. In May 1989, aU of the wells were grouted to ensure 
an adequate seal between the well and the gound d a c e .  The grouting process included 
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centering a 75un square piece of 1.3-cm thick pIywood over the weii and adding concrete 
around the weL' 
A23 Weil Development 
Traditionallys well development bas two broad objectives: (1) to repair damage done 
to the formation by drilling operations so that the naturai hydraulic pmperties are resfored, 
and (2) to alter the basic physical characteristics of the asuifer n*a the borehole so that water 
wüi flow more k l y  to a well @riscoiI, 1986). Weil development methods rely on applying 
the necessary force to cause movement and transport of the aquifer material around a 
borehole. These methods include overpumping, backwashing9 mechanid surging, and air 
development. DrÏscoll (1986) offers a thorough discussion for each of these methods. 
Table A.2 lists the benefits achieved by weil development 
The goal of weil development for our project is primarily to repair damage done to 
the aquifer during weil installation and to avoid increases in the hydraulic conductivity of the 
aquifer. At the MADE site9 Rehfeldt, et aL (1986), conducted a series of field tests to 
determine the optimum method for weil development Rehfedt, et al. (1986), conclude that 
a scheme including overpumping, backfiushing, and mechanical surging led to adequate weii 
development However, Rehfeldt, et al. (1986), do not provide a recommended protocol for 
the well development 
Table A2 Benefits of Weii Development (hm Driscoii, W86) 
(1) Reduce the compaction and intmnixing of grain sizes producecl 
during drilling by removing the fine materiai h m  pore spaces. 
(2) Increase the iiatural porosity and permeability of the previousIy 
undisturbed formation near the Wrehole] by seiectively removing 
soiïds that have invaded the formation. 
(3)  Remove the filter cake or drilling fluid nIm that coats the borehole, 
and remove much or ali of the drilling nuid and naturai formation 
solids that have invaded the formation. 
(4) Create a graded zone of sediment around the s-n in a naturaUy 
developed well, thereby stabikhg the formation so that the weii 
fields sand-fkee water. 
Working with Rehfedt, the author developed the procedures iist in Table k3 for weli 
development The siirge biock used in the procedures was approximately 0.3-meter long and 
consistai of a string of altemathg layers of rubber gaskets and metai washers with diameters 
slightly l e s  than the ID of the 5.2-cm weiIs. A well typidy took about 2 hours to develop. 
These procedures were used at all of the 37 wells and should be appropriate for wells in 
unconsolidated materials at other sites. 
304 
Table A3 Procedures for Weii Deveiopment at CAFB 
Place 25-cm hose at the bottom of the weIi and nm the pump at its 
maximum rate without drawing the water table dom more than 
5 feet; 
Continue step (a) until the effluent begÏns to clear, 
Once the effluent is clear, surge water into and out of the weil by 
switchulg the pump on and off (notice no foot valves can be used) for 
about 5 minutes and then pump the weU until it clears; 
Repeat step (c) at the middle and at the top of the weil; 
Once the surging of the well is completed, lower the TVA surge 
block (weighs approlamately 2 .pounds) to the bottom of the weli; 
Quickly puii the surge block up about 1 meter and then aiiow it to 
drop back to its original position Work the srcrge block up and down 
through this 1-meter vertical interval for 5 cycles. Apply the surge 
block to each 1-meter vertical intemal in the well until the water 
table is reached; 
Repeat steps (a) through (g) two more times. 
Figure A. 1 The location of the initial 37 weils at the 1-Ha Test Site. 
Figure A l  Number of weii pairs for each lag distance. 
Figure A.3 Example of a typical weU installation at the 1-Ha test site. 
APPENDLX B 
LARGE-SCALE PUMPING TESTS AT TEE 1-Ha TEST SITE 
B.1 GENERAL APPROACE 
Between Jme 1988 and August 1989, three large-de m e r  tests were conducted. 
Each of the large-scaie aquifer tests included pumping Weii 5 (the center weii) for about 
6 days at a rate &dent to produce measurabIe drawdowns at most, if not ali, of the weiis. 
Two i m p m t  tasks associated with pumping tesp are maintaining a constant pumping rate 
and coilecting accurate drawdown data in a rimely fahion. For all of the pumping tests, a 
positive disphcement pump was used; and, the pumping rate was fkquently measured. For 
each of the pumping tests, continuous values of drawdown were measured by Dmck 
transducers and recorded by Telog data-logging systems. The k k  transducers are accurate 
to within 0.3 cm. The Telog data-Iogghg systems permitteci logging at intervals equal to or 
greater than 1 second and a graphical display ofthe data at any the.  
Another important task associated with pumping tests is to systematidy analyze the 
data in an unbiased manner. Traditionally the evaluation process has centered on visually 
matchhg the experimental pumping-test data to a theoreticai drawdown cuve to obtain 
values of transmissivity and storage coefficient The manuai mehod ofcurve rnatching can 
be cumbersome and labor intensive. Moceover, the method contaias subjectivity that varies 
among geohydrologist. In order to improve the speed and the objectivity associated with 
pumping test analyses, the author and TVA employees developed the program WELLTEST. 
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B.2 PROGRAM WELLTEST 
WELLTEST is a cornputer pro- that automatically determines w~iigh yalues of 
transrnissivity and sîorage coefficient produce a drawdown c w e  that best matches the 
experimental data set Program WELLTEST uses the method of noniinear least-squares 
regression to obtain the best match The concept of applying a computerized analysis to 
determine the "kt" traasmissivity and storage coefficient was introduced by Vandenberg 
(1971). Vandenberg's (1971) program was specificaliy written for drawdown méasurernents 
in an observation weii near a weii pumping at a constant rate h m  a semi-infinite, nonlealq 
quifer. An examhaîion of the program reveals several potentiai problems among which is 
the inability to propedy converge in some situations. 
Since 1971, nurnerous programs (Le., McElwee and Yukler, 1978; Chander, et al., 
198 1 ; Banisley, et al., 1985) have been written to improve Vandenberg's approach. These 
programs ciiffer in the type of well equations w d  and the speed and accuracy of the 
algonthms used to solve the nonlineu regression. In g e n d ,  the logic and structure of these 
programs are very similar: the programs use partial derivatives of the well eqyations to drive 
the regression analysis. Because they use derivatives, each program is iimited to a specific 
weil equation and is computatiotially intensive when numemus experimental data points are 
used. 
The WELLTEST program was writîen to solve for best values of transmissivity and 
storagecoefficient for either a confïned or an unconfineci m e r ,  for either leaky or nonleaky 
conditions, and for constant or variable pumping rates. WELLTEST does not account for 
any type of borehole storage or borehole skin eEects. The WELLTEST program algorithms 
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are more computatiody efficient than the algorithms used in the prograxas similar to 
Vandenberg's (1971). The modularity and speed ~~WELLTEST results by usùig Broyden's 
Method (Benton, 1990) to develop derivative-fke algorithms for locathg extreme of 
nooiinear equations. 
The input reqirirements for WELLTEST include the experimental data, the distance 
to the observation weii, the pumping schedule, the thickness of the aquifer, and whether the 
aquifer is c o h e d  or uncodhed. The main output h m  WELLTEST is the "best" values 
for transmissivity and storage coefficient. Optionai output kom WELLTEST includes a 
sensitivity analysis for each parameter, a plot comparing the predicted and the observed 
pump- test cwes ,  andor a map of the residuals. 
The map of the residuals provided by WELLTEST illustrates the sensitivity of the 
predicted time-drawdown response to transmissivity and the storage coefficient values. To 
create a rnap of the residuais, program WELLTEST generates a senes of hypotheticai 
time-drawdown aqriifer responses for different sets of transmissivity and storage coefficient 
values. For each of these tirne-drawdowvn responses, program WELLTEST divides the 
ciiffierence in the areas between the predicted and the observed time- drawdown response by 
the total area beneath the observed timedrawdown curve. For convenience, the residual is 
expressed as a percentage. A residual of 0.10 means that the Merence between area of the 
predicted and the obsewed tirne-drawdown cwes is 10 percent ofthe total area beneath the 
observéd timedrawdown curve. A rekdual of 0.0 means that the predicted and the observed 
timedrawdown c m e s  are exady the same. 
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Figures B.1 and B 2  show an application of WELLTEST and the importance of 
4- 
pumping test design. The figures illustrate the residuais created for observation wells at 
d i f f i t  distances k m  the pumping w d  for a hypothetical m e r  with a transmissivity and 
a storage coefficient of 30 cm2/s and 0.03, respectively. Fi- B. 1 is for a constant pumping 
rate of 40 Umin for 24 hom, whereas Figure 8.2 is for a 2-hoin-on and 2-hour-ofFpumping 
rate of 80 Wmi.  for 24 hours. Figure B.1 indicates that near the pumping weil, the solution . 
to the weil equations are relatively insensitive to storage coefficient values. SimiIarly, for 
- 
distances far nom the pumping weii, the solution to the weii equations are relatively 
insensitive to transmissivity values. A cornparison between Figure B.1 and B.2 shows, that 
at distances ne= the weii, the sensitivities of the solution to the weil equations to both 
storage coefficient and transmissivities are remarkably improved by pulsing the pumping 
well. This meam that by pulsùig the pumping weli, the aquifer's hydrologie properties cm 
be better defined. 
B 3  AQUIFER TEST 1 
BA1 Test Description 
Aquifer Test 1 consisted of pumping Wells at a constant rate and measuring the 
drawdown in al1 37 wells. The pumping began on 18 May 1989 at 0800 hours and ended on 
23 May 1989 at 0900 hours. The pump ran continuously for 435,587 seconds (5.04 days) 
except' during a 6,075-second (1.69-hour) power outage that began 55,820 seconds 
(15.5 ho- into the test Problerns encountered with the flowmeter totalizer prevented an 
continuous record of pump discharge. Measurements of the discharge rate were taken with 
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a stopwatch and a caliirated 232üter container. Table B. 1 iists the measurements of the 
discharge rate. 
Table 8.1 Measurements of the discharge rate for Aquifer Test 1 
Date Time Cumuiative Seconds 
Drawdown measurements were made in all the wek with an electric tape during the 
puxnping period. During the hrst severai hours of pumping, the welis near the pumping weli 
were intensively monitored. Approxïmately 4 hours into the test, the fht set of 
measurements at aU 37 weUs was made. Subsequent surveys were made penodicdy 
throughout the test with at le& one ~ n r r y  each &y. During the test, measurements were 
taken at eight weils located several hundred meters away h m  the site in order to record the 
fluctuations in the water table cawd by naniraj phenornena. 
A total of ten pressure tramducers were used for the pumping tests in order to get 
continuous drawdown measiuements. These tninsducers were placed into Weils 2,4,6,5, 
8,15,17,18,25, and 30. For the first 3 hours of the pumping tests, transducer measurements 
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were recorded every 2 seconds. Th& measunments were recorded every 2 minutes 
untü the pumping stopped. At the end of the pumping, meannements of the water table ' 
recovery were taken every 2 seconds for approxhately 3 hours, d e r  which measurements 
were taken every 2 minutes. 
Figure B.3 shows contours of the cone-of-depression at elapsed times of 15,500 
seconds (O. 18 days); 82,400 seconds (0.95 days); 169,200 seconds (1.96 days); and 432,000 
seconds (5.0 days). Figure 8.3 shows: (1) at eady times the drawdown cone-is extended 
more in the westeriy than eastemiy direction; (2) at late times the drawdown cone is extended 
more in the eastedy direction than westerly direction; (3) the contous are very asymmetric; 
(4) the dimensions of the cone-ofdepression change very Linle between 169,200 seconds and 
432,000 seconds. 
One explaaation for the trends presented in Figure B.3 is that the western region has 
a higher difhisivity than the eastem region. In such a situation, the quifer would have an 
asymmetrical response to the pwnping weli. At the early times, the cone-ofdepression 
would penetrate farther into the western region than the eastem region. At intermediate 
times, the pressure gradients in the westem region would approacb some type of 
quasi-steady-state while the pressure gradients in the e a ~ f e m  region continue to increase. At 
late times, the pressure gradient in both the eastern and western regions would reach a 
quasi-steady-state but the gradients would ciiffer. Because of its lower diffbivity, the cone- 
of4epression would extend farther into the eastem region. 
Figure B.3 indicates that quasi-steady-state conditions over the total well network 
occurs around 169,200 seconds. Afier 169,200 seconds, the cone-ofdepression is expanded 
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slowly enough that the plots do not show the changes in the coneofdepceSSion. In both the 
eastern and western regions, considerabIe asynmetry'hnd differences in the horizontal 
hydraulic gradients exist These variations are most likely caused by heterogeneity in the 
aquifer's hydrauiic conducîivity field 
WEUTEST TransmissiVities and Storage Coefficients 
The WELLTEST program was used to determine the values for tranSmissivity and 
storage coefficient at the location of the nine observation w e ~ s  with transducers. Input to 
WELLTEST included a purnphg rate of 69.6 Umin before the powa outage, a pumping raîe 
of 68.5 Wmin after the power outage, a saturated thickness of 7 meters, and an uncohed 
aquifer. WELLTEST was applied to drawdown values coliected during the first 10,000; 
50,000; and 100,000 seconds. 
A cornparison between the predicted and the observed drawdown curves for the nine 
wells for the three time periods is shown in Figures BA to B.7. These figures one show that 
the curve for each time period has been extrapolateci to the end of the test to predict the final 
drawdowns. 
Two trends should be noted in the figures. One trend is that the plotted data is nearly 
a straight line shortiy after the pumping started and util the pump outage. This trend was 
present in ahost aU of the drawdown data taken manudy at the 37 welis with the electric 
tape. As a result, the Cooper-Jacob straight-line d y s i s  could be easily applied to the data 
sets. The other trend is that a h  100,000 seconds, most of the drawdown c w e s  flatten out 
andor exhibit large fluctuation about a mean value. 
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An expIanation for the trend in the data points after 100,000 seconds has not been 
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sought by the author- Possible explaaations include a region of high hydraulic conductivity 
near the boundary of the weil network or delayed drainage from low permeability sediments 
within the weli network. An investigation into the reason for the trend would include using 
image wells in WELLTEST andlor three-dimensional gromdwater fiow models. Such an 
investigation rnay lead to some interesting hypotheses, but it would be very tune consuming 
and would not lead to any changes in the caiculated values of transmissiVities- As a resuit, 
such an investigation was not pursued. 
Table B 2  Lists the combination of eansmissivw and storage coefficient values that 
provided the tirne-drawdown curve that best fit the observed tirne-drawdown curve as 
detennined by the program WELLTEST. Included in Table 82 are the factors by which the 
best value for either the ûammissivity and the storage coefficient values can be multiplied 
or divided by so that the caiculated tesiduai is increased to 0.10 and to 0.20. These 
adjutment factors are a measure of the sensitivity of the hnal answer to bo t -  transnûssivity 
and the storage coefficient. Table B.2 shows that the match between the observed and the 
predicted time-drawdown c w e s  is more sensitive to the storage coefficient thaa to the 
transmissivity. No values are listed for a residual intervai when the "best" set of 
transmissivity and storage coefficient values lead to a residual that is greater than the 
designated residual. No results are provided for Weil 8 at 100,000 seconds because no set 
of t d s s i v i t y  and storage coefficient values could produce a residual l e s  than 20 percent. 
Tabb B.2 Caiciihted stotage coefficients and trrmmissinties for Aqiiifer Test 1 
at 10,ûûû; 50,000; and 100,000 seconds 
T i e  Storage 




1OK 53 -46 
1OK 104.24 
10K 52.24 
10K 43 -45 



















lOOK 3 9.63 
lOOK 35.32 
NC = not calculated 
*/ = muitiplied or divided by 
Note: The pumped weîî, Weîi 5, is not ksted because of the large uncextainty associatcd with 
determinhg its effective weli radius (i.e., the distance h m  the point of pumping to the point 
of O bservatiou). 
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Table B.2 shows that as the t h e  period increases, the range in the calcuiated 
variables decreases. For the 10,000-second period, the transmissiVities vary fiom 40 to 100 / 
cm2/s and the storage coefficients fiom .O02 to -03. For the 100,000 second period, the 
îmsmissivities Vary fiom 30 to 50 cm2/s and the storage coefficients fiom -01 to -05. This 
trend is expected, because as tirne increases eqdi'bration processes in the aquifer (e.g., 
crossflows) wiii result in symmetry and snoothness in the hydrauiic pressure field. 
a 
B A 3  Tronsmissivities by the Cooper-Jacob ~frai~ht-~ in'e  Method 
The Cooper-Jacob approximation should be applied oniy when u (see list of symbols) 
is equal to or less than 0.07 (Cooper and Jacob, 1947). Using the range of parameters 
estimated h m  the Theis curve fiaing analysis, the Cooper-Jacob analysis is appropriate 3 to 
4 hours after the pumping begins for most of the wells. 
Because of the concern of the pump outage at 15 hours and possible boundary effects 
at 1 day, the straight-line analyses were done cautiousIy. AU of the slopes for weUs near the 
pumping well were calculateci h m  times less than 15 hours; and ail the slopes for the weUs 
far fiom the pumping weU w m  calculated for times less than 1 &y. 
Calculations of the slopes were done with the aid of a computer program. The 
computer program graphically displays the drawdown data and permits the marking of any 
segment of the c w e  with cross-haïrs. The best fit straight-line can be calculated by either 
a lineat regression through the data points in the designated segment or by the slope between 
the designated endpoints of the segment. At welis where transmissivities were caiculated 
using both transducer and manual measurements, the trausducer-based transmissivity 
estimaîe was considend the more accutate. Table B 3  iists the transmissiVities calcttiated by 
.the Cooper-Jacob straight-luie method 
The aithmetic and geometric means for the 27 transmissivity values in Table B3 are 
3 8 and 3 7 c a s ,  respectively. The standard deviation for the traasmissivities is 8 3  d / s  
and aIi except two of the transmissivities are within 35 percent of the arithmetic average. 
Within the transmissivity field, there app*irs a region ofhigh trausmissivity apparent in the 
west and northwest (Wells 1,2,3,6, 18,30) and a region of Iow traasmssivity in the east 
Table B.3 Tmnsmissnrities caiculated by the Cooper-Jacob 
Straight-line Method for AquEer Test 1 
BA AQULFER TEST 2 
B.4.1 Test Dcseripttoii 
A m e r  Test 2 included cycüc pumping at Weli 5 and meanullig the drawdowns at 
the weils with pressure transduc~. Cyclic pumping began on 1 June 1989, and ended on 
6 June 1989. The targeted average pumping rate was 68 Umin (the constant pumping rate 
for Aquifer Test 1). The average pumping rate was achieved by a series of pulses. A pulse 
included a period duruig which the purnping rate was approrcimately 120 Lhin and a perïod 
during which the pump rate was zero L/min. During the fbt  5 days of testing, a pulse 
included 4 hours of pumping and 3 houn of no pumping. For the 1 s t  2 days of testing, a 
pulse included 2 hours of pumping and 1- % hours of no pumping. 
Immediately after the pump was ~ u n e d  on or &ed off, the water level changed 
quickly in the observation weUs. The relatively quick rate of change in water levels was 
measured by pressure transducers. Data was coiiected every 8 seconds throughout the 
duration of the test. Because of the iimited number of transducers, the transducers were 
moved h m  weii to well during the test. At the end of Pulse 7,12 transducers were moved 
to new wells. At the end of Pulse 14,3 of the 13 transducers were moved to new weils. The 
relocation of the traasductxs permitted data to be coiiected at aU 28 welis within the interior 
of the well network. 
The pump was automaticaüy switched on and off with an electronic timing device. 
This device increased the consistency of the pulse cycles and eliminated the necessity for a 
night shifi. Accurate measurements were made of the total discharge by a mechanical 
flowmeter (the flowmeter caii'bration was checked at the TVA Engineering Laboratory after 
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the test and found to be within 1 percent). Mea~urements ofthe totai amount ofgroundwater 
discharged were taken only after Puises 1,3,4 5,6,  7, 8,9 ,  10, 14, 15, 19,20, and 21. 
Table B.4 provides details on the ectual pirmping schedule and the location of transducers 
during Aquifer Test 2. The pumping rate gradually declined over the duration of the test. 
During Puise 7, the p m p  premanirely stopped 48 minutes after w - u p  because of a power 
outage. 







for Pulses &/min) 
Welis With 
Transducers 
Shours 15 (116.2) 
1.5 hours 16 to 21 (1 15.4) 
Note: 
- A reading of the Cumulative Discharge was taken after Pulses 1,3, 
4,5,6,7, 8,9, 10, 14, 15, 19,20, and 21 
- Pulse 7 consisted of 48 minutes on and 4 hours 28 minutes off 
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During the test, manual drawdown measurements were made in aU of the weiis with 
an electric tape. These data provided a means to ver@ the accuracy of the transducer 
measurements and detennine the amount of offset to be added to the transducer 
measurements at the second and thed group of weiis. As done in Aquifer Test 1, drawdown 
measunments were aiso taken at eight weils that were Iocated several hundred meters away 
fkom the site in order to esthate the naturally occuning fluctuations in the water table. All 
the anaiysis was performed after the daia had k e n  detrended for these fluctuations. 
B.4.2 Transmissmties and Sîorage Coefficients From Program WELLTEST 
The WELLTEST program was used to determine the values of transmissivity and 
storage coeEcient for each set of transducer meamremen&. The variable pumping rate iisted 
in Table B.4 was used to generate the drawdown curves. The data sets were divided into 
3 groups. The groups are Puises 1-7, Puises 8- 14, and Pulses 15-2 1. For each series of pulses 
at a weii, the drawdown data were anaiyzed with respect to the nrst 3 pulses, the second 
3 pulses, and the fkt  6 pulses. The rnulti& analyses were performed to better detect any 
trends in the data 
Potential sources for trends in the drawdown data include the effects of the far-field 
boundary conditions and of the cyclic fluctuation of the water table. Aquifer Test 1 revealed 
that boundary conditions near the test site Sected the drawdown at some of the weUs 1 day 
after pi11iiping. Thus, given the same average pumping rate at Aquifer Test 1, the potentid 
existed for boundary conditions to affect the drawdown values after the third pulse. 
Figures £3.7 through B.12 show the match berneen the expimentai data and the 
cuves generated by WELLTEST. Tables B.5 to B.7 lists the caicdated vaiuéi of 
transmissivity and storage coefficients and their respective sensitivities at confidence limits 
of 10 percent and 20 percent. Severai observations fiom the figures are listeci in Table B.8. 
Table B.5 Calculateci storage coefficients and trrosmiss~tics for 
Aauirer T& 2 for Puises 1 to 6 
Pulses Transmissivity Storage Coefficient 
Weil From To Vaiue 10% 20% Value 100/0 20% 
NC = not calculated 
*/ = multiplied or divided by 
Table 8.6 Cdcnlrted Storage Coefficients and Transmiss~ties 
for Aaaifer Test 2 for Puises 8 to 13 
Pulses T ~ n s m U s ~ t y  Storage Coefficient 
Weil From To Value 10% 20% Value 10% 20% 
NC = not calculated 
*/ = mdtipiied or divided by 
Table B.? Cdcdated storage coefficients and transmk~ties  
for Aquifer Test 2 for Puises 15 to 20 
Pulses Transmissivity Storage Coefficient 
Weu From To Vahe 10% 20% Vaiue 10% 20% 
NC = not dcuiated 
*/ = multiplied or divided by 
Table B.8 Observations from the h m  experimentai and WELLTEST drawdown 
data sets Aqnifer Test 2 
1 Although 7 pulses exid in each figure, only 6 pulses are used in the data analyses. For 
each of the three curve fits, the predicted weii response is made for ail 7 pulses. 
2 Most of the cumulative drawdown measurements are Iess than 020 meter, for ten of 
the plots the greatest measured drawdown is Iess than 0.1 meter. 
3 The water level tesponds almost immediately after a change in the pumping schedule. 
4 A spike (an unexpectedly large recovery) in the drawdown values occurred at Well30 
d e r  the fourth pulse. 
5 The cyclic resppnse at Wells 8, 10, and 12 has considerably more scatter than the 
patterns for the other weils. 
6 The WELLTEST curve for the group of 6 pulses fits the experimental data acceptably 
for Pulses 1-7 and 15-20. For Pulses 8-14, the nnt 3 pulses match the WELLTEST 
curves but the last 4 pulses do not. In general, the observed drawdown response to the 
last 4 pulses is less than one would predict from the WELLTEST simulation. 
Observation 1 is intended to cl* that the seventh pulse in each group of pulses was 
not used in the curve fitthg procedure. Observations 2 and 3 demonsûate the necessity for 
reliable transducers and data logging equipment Observation 4 relates to the diagnosis of 
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the spike after Rilse 4. The spike was causeci by ruoff h m  a rain event draining beneath 
faulty grout seals at Weii 30. This discovery prompteci the ngrouting at Weil 30 before 
Aqwfer Test 3. Observation 5 indicates that oahaa phewmena or anthropogenic effects in 
the vicinity of Wells 8,10, and 12 m a .  have led to the nonclassicai behavior at each of these 
weiis, 
Observation 6 indicaîes tbat sometime between the tenth and the eleventh puise (3.1 
days into the test), a change in the aquifer response occurred- The change may have been 
caused by the effects of boundary condition(s) or by the improper detrendhg of the 
experimentai data. The latter reason, however, does not seem plausible because the 
detrending adjustment between the tenth and the eleventh pulse is less than 0.002 mlday. 
The reason for the change in the weil responses has not bée* investigated, but is speculated 
to be caused either by an area of high hydraulic conductivity near the boundaries of the weil 
network or by a delayed drainage h m  low permeability materials within the boundaries of 
the weU network. 
Because of the concern over the effectç of boundary conditions &er Pulse 1 1, none 
of the data after Pulse 11 is considered diable. For the second set of pulses, ody the 
hydraulic properties cdculated for hilses 8-10 are used. An examination of the data 
generated for Pulses 1-6 indicates a possible ciifference between Puises 1-3 and Pulses 3-6. 
However, the importance of the trend does not seem sipnincant because the transmissivities 
and storage coefficients calculated for Pulses 1 4  are typicdiy witfiin 10 percent of the values 
calculated for Pulses 1-3. Hence, the values calculatwl for Pulses 1-6 are used. Table B.9 
lists the values calculated by the program WELLTEST for Aquifer Test 2. 
Table B9 WELLTEST dcuiated storage coefficients and trpasmissivities 
for Aqiiifer Test 2 
NC = not calculated 
The arithmetic and the geometric means for the 24 traosmissivity values in Table 16 
are 32 and 30 cm2/s, respectively (within 27 percent of values fiom Test 1). In general, little 
variations exists among the different values; their standard deviation is 9.4 cm2/s and all 
except 4 values are within 35 percent of the arithmetic average. The variations in the 
transmissivities indicate hi& values in the western region (at Wells 1,2, and 18) and low 
values scattered through the weii network (at Weils 8,30,12,16, and 19). 
The arithmetic value for the storage coefficients is 0.030. The values of storage 
coefficients have considerable variability and range over approximateiy two orders of 
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magnitude. No clear trend seems to exist in the location of high storage coefficient values, 
but a trend exists with the low storage coefficient values. The lowest storage coefficient 
values (c0.01) are f o n d  near Weil 5. 
B.5 AQUIFER TEST 3 
B.5.1 Test Description 
Aquifer Test 3 included pumping WeU 5 at a constant rate and measuring the 
drawdown in ail 37 wek. The pumping began on 30 Jtme 1989 at 0936 and ended on 7 July 
1989 at 1614. The pump ran continuously for 628,473 seconds (7.27 days). A mechanical 
flowmeter was used to measure the cumulative discharge during the test (the flowmeter's 
calibration was checked at the Engineering Laboratory afier the test and found to be within 
1 percent). Based on the flowmeter's readings, the pumping rate declined fiom an initiai rate 
of 12 1 Llmin to a final rate of 1 1 O S  L/min. Table B. 10 lists the history of the discharge rate. 
Drawdown measurements were made in aii weiIs with an elecûic tape during the 
pumping perïod. During the nrst several hours of pumping, the w e k  near the pumping weU 
were intensively monitored. Approximately 5 hours into the test, the fust set of 
measurements at dl 37 weils were made. Subsequent surveys were made periodicaily 
throughout the test with at least one survey each day. During the test, measurements were 
taken at eight weiis located severai hundred meters away fiom the site to estimate the 
naturally occinring fluctuations in the water table. 
Table B.10 Measurements of the discharge rate for Aqçiifer Test 3 
Date T h e  Cumuiative Average 
Secon& Discharge (Umin) 
6130189 9:36 - 16,080 121.1 
6130189 14:04 95,940 121.1 
7/1/89 12:lS 197,220 1 17.0 
7/2/89 1 6:23 280,3 80 113.6 
7/3/89 1 5:29 364,620 111.7 
7/4/89 1453 397,440 1 10.9 
7/5/89 1255 443,940 1 10.9 
7/6/89 14:38 536,520 110.5 
7/7/89 10:3 1 608,100 1 10.5 
A total of 13 pressure transducers were used for the pumping tests in order to get 
continuous drawdown measurements. These tramducers were placed into Wells 1,2,4,5, 
6, 8, 14, 17,20,25,26, 30, and 3 1. For the first 3 hours of the pumping tests, tramducet 
measurements were recorded every 2 seconds. Thereafter measurements were recorded every 
2 minutes until the pumping ceased. At the end of pumping, measurements of the water table 
recovery were taken every 2 seconds for approximately 3 hours, after which measwements 
were taken every 2 minutes. 
Before the water table data was analyzed, the trend in the nahxrai water table 
fluctuations was removed. As a check on the consistency between the ûansducer and the 
rnmual measurements, the two data sets were compared. nie cornparison showed good 
agreement between the data sets except for Weil 6. At Weii 6, the two data sets showed the 
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same dope but the transducer data had values that were 0.06 meters W. The disaepancy 
is believed to have been caused by an incornkt initial manual measurement at Weii 6. 
Figure B.13 shows contours for the cone-ofdepression at elapsed tirnes of 
19,500 seconds ( 0 2  &YS); 95,000 seconds (1.1 days); 190,600 seconds (2.2 days); and 
438,600 seconds (5.1 days). The figure shows: (1) at early times the cone-of-depression 
extends the farthest in the West and southwest regions; (2) at late times the cone-of- 
depression extends appreciably fariher in the east than to the West; (3) the configuration of 
the conei)fdepression changes slightly between 190,600 and 438,600 seconds; (4) between 
time 190,600 and 438,600 seconds, the cone-of-depression has increased in the eastern 
region of the weii netwodc but decreased slightly in the western region of the weii network. 
The trend in the pressure gradients in Figure ~ . 1 3  agrees with the trends shown for 
Aquifer Test 1 in Figure B.3. As previously mentioned, one interpretation of this trend is 
that zones of highest diffusivities exkt in the western region. The two figures show 
asymmetry contours that suggest large-scale heterogeneities in the aquifer. UUnlike 
Figure B.3, Figure B.15 shows that at Iate times slight changes exkt in the configurations of 
the cone-of-depression. One unexpected trend was the slight decrease in the drawdowns at 
Wells 1 and 3 between 190,600 and 438,600 seconds. 
Several possible explanatiom exist for the slight decline in drawdowns at the western 
wells for late times. First, the decreases may have resulted fiom the graduai decrease in the 
pumping rate. However, the average pumping rate during this interval dropped only 
3 percent. This change in pumping caused a 0.03-meter increase in the water table at the 
pumped weU between 350,000 and 438,600 seconds. The predicted change at Wells 1 and 
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3 is negiigi'ble. Second, the derrcases may have resulted h m  the method used to detrend 
the data. It is possiile that less drawdown occiared at Wells 1 and 3, ratha than at the other 
weîls, because of naturai temporal and spatial groundwafef fluctuafions Third, the demases 
may have d t e d  fkom equilibration processes acting within the quifer. Over tirne, the 
hydraulic head gradients change which d t s  in flow pattern changes to the pumped well. 
B.5.2 Trriasmiss~ties and Storage Coefficients From Ptogram WELLTEST 
The WELLTEST program was us& to determine transmissivïty and storage 
coefficient values at the locaîions of the twelve observation welis equipped with tramducers. 
Input to WELLTEST included the pumping schedule in Table B.10. a saturatecl thickness of 
7 meters. and an u n c o h e d  quifer. WELLTEST was applied to data sets for 10,000; 
50,000; 100,000; and 250,000 seconds in order to investigate the sensitivity of the caiculated 
hydraulic parameters with respect to time. 
A cornparison between the predicted and the observed drawdown curves for all 
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twelve weils for the four time periods is shown in Figures B.15 to B.18. For each of the 
figures, the predicted drawdown ciwe for each the  period has k e n  extrapolated to the end 
of the test to predict the final drawdowns. Several interesthg features should be noted in the 
figures. First, as was true of Aquifer Tests 1 and 2, the drawdown respome at WeU8 is very 
non-classical and cannot be adequately reproducd by WELLTEST. Second, the plotted data 
approximates a straight- line shortly after the pumping started to about 200,000 seconds. 
Third, after 200,000 seconds, some type of boundary condition, a delayed drainage 
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phenornena, andlor change in the pumping rate pmrents additional drawdown at aü of the 
weils. 
Table B.11 lists the combination ~ f ~ s s i v i  and storage coefficient v d w  that 
provided the time-dtawdown curve that best fit the observed the-drawdown cuve as 
detennined by the program WELLTEST. Included inTable B.11 are the factors by which the 
best value for either the traasmissivity and the storage coefficient values c m  be multiplied 
or divided so that the caidated residual is increased to 0.10 and to 020. These adjustment 
factors are a mesure of the sensitivity of the nnal answer & both transmissivity and the 
storage coefficient. No values are listed for a residual intervai, when the "best" set of 
transmissivity and storage coefficient vaiues lead to a residual that is greater than the 
designated residuaL No d t s  are provided for Wek 1 anci 8 for times greater than 10,000 
seconds because the residual caiculated for the best set of trammissivity and storage 
coefficient values were greater than a residual of 20 percent 
The trends shown in Table B. 1 1 are the same as those shown in Table B.2 for Aquifer 
Test 1. In general, as the time period increases the variabiiity decreases, the average 
transmissivity decreases, and the average storage coefficient increases. For the  periods of 
10,000; 50,000; 100,000; and 250,000 seconds the average transmissivities (excluding 
Weils 1 and 8) are 102, 44, 40, and 36 cm2/s, respectively, and the average storage 
coefficients (excluding Wells 1 and 8) are 0.008, .029, .O3 1, and -042, respectively. The 
trends in the ûansmissivities and storage coefficients are very M a r  to those obsewed for 
Aquifer Test 1. 
Table B.11 Caiculated storage coefficients and trrnsmiss~ties for Aqaifer Test 3 
at 10,000; 50,000; 100,000; and 250,000 seconds 
T i e  Ttansmissivity Storage Coefficient 
















































250K 43.45 *f1.1i2 V1.32 -09550 *il-26 *fl.78 
K = 1,000 
NC = not calculated 
*/ = mdtiplied or divided by 
B.5.3 TransmiPsmties by the Cooperdacob Straight-Line Method 
The slopes of the tirne-drawdown curves were calculated as described in the 
discussion of Aqder Test 1 data. The slopes were evaluated using data taken between 
70,000 seconds and 200,000 seconds. At wek where transrm*ssivities were caicdated using 
both traasducer and matlual measurements, the ûansducer-based transmissivity estixnate was 
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considered more accurate- Table B.12 lists the tranrmissivities caicdated by the 
Cooper-Jacob straight-line method for Aquifer Test 3. 
The arithmetic and the geometric means for the 27 trammissivity values in 
Table B.12 are 33 and 3 1 cm2/s, respectively- The standard deviation for the transmissiVities 
is 12.9 cm2/s. The variations in the transmissivity indicate a region of high values in the 
western region (at Wells 1,2,3, and 18). Values of low transmissivity appear to be scattered 
throughout the weii network. 
Table B.12 Ti~nsxnissmties Calculated by the CooperJpeob 
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Figure B.4 WELLTEST Fits to Aquifer Test 1 drawdowns for Wells 2,4, and 6. 
Figure B.5 WELLTEST Fits to Aquifkr Test 1 drawdowns for Wells 8, 15, and 17. 
Figure B.6 WELLTEST Fits to Aquifkr Test 1 drawdowns for Wells 18,25, and 30. 
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Test 2 drawdowns for Pulses 1 through 7 at Figure B.7 WELLTEST Fits to Aquifer 
Wells 2,4,6,8, 14, and 15. 
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Figure B.8 WELLTEST Fits to Aquifér Test 2 drawdowns for Pulses 1 through 7 at 
Wells 17, 19,20,25,26, and 30. 
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Figure B.9 WELLTEST Fits to Aquifer Test 2 drawdowns for Pulses 8 through 14 at 
Weils 1,9, 10, 11, 12, and 13. 
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Figure B.10 WELLTEST Fits to Aquifer Test 2 drawdowns for Pulses 8 through 14 at 
Wells 16, 18,21,24,31, and 32. 
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Figure B.11 WELLTEST Fits to Aquifer Test 2 drawdowns for Pulses 15 through 21 at 
WeUs 3,7,10,11, 12, and 13. 
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Figure 8-12 WELLTEST Fits to Aquifer Test 2 drawdowns for Pulses 15 through 21 at 
Wells 16,18,21,24,32, and 32. 
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Figure B. 14 WELLTEST Fits to Aquifer Test 3 drawdowm for Wells 1,2, and 4. 
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Figure B. 15 WELLTEST Fits to Aquifer Test 3 drawdowns for Weiis 6,8, and 14. 
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Figure B.16 WELLTEST Fits to Aquifer Test 3 drawdowns for Wells 17,20, and 25. 
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Figure B. 1 7 WELLTEST Fits to Aquifer Test 3 drawdowns for Wells 26,30, and 3 1. 
APPENDIX C 
TEE ELECTROMAGNETIC BOREHOLE FLOWMETER: 
DESCRIPTION AND APPLICA'MON 
C.l INTRODUCTION 
Borehole flowrneters are downhole tools that measure axial flow in a well or 
borehole. Profiles of axial flow during ambient conditions can help to determine the 
direction of the vertical hydraulic gradient, evaluate cross-comm~cation among different 
geologic units, and locate hydraulically-active hctures. Profiles of axial flow during 
pumping conditions can help locate the v d c a l  position of well screens, idente 
hydrauiidiy-active nactures, and measure hydrauiic conductivity profiles. Easy and simple 
to perfonn, borehole flowmeter tests provide, at a relatively low cost, three-dimensional 
information about s u b d a c e  conditions. 
A primary reason for the lack of borehole aowmeter tests in the groundwater industry 
has been the lack of suitable flowmeters. Desirable flowmeter traits include a low detection 
Iimit, a wide range of operation, good accuracy, durability, reliable performance, and a small 
diameter and length. The petroleurn industry has used impeller flowmeters for decades to 
measure flows typicdy with velocities greater than 2 dmin. For many groundwater 
applications, flows with average velocities below 2 dmin are of interest. These low fiows 
cannot be acciirately measured with impeller flowmeters typically available in the petroleum 
industry. 
Primarily, because of the need to rneasure low flow velocities, the United States 
Geological Survey (USGS) developed a thermal-pulse flowmeter (Hess, 1982; 1986; 1990). 
The sensitivity of the USGS thed-pulse  flowmeter has made flowmeter testing possible 
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in fiactured crystalline rocks with low pemieabüities (Morin et ai., 1988; Hess, 1986; PalIiet 
J 
et al., 1987). The thermal-pulse flowmeter however, has a nanow measurement range that 
limits its utility in some moderate to highiy permeable aquifers. 
In order to have both a low detection E t  and a large range of operation, TVA 
developed the electromagnetic (EM) fiowmeter (Young and Pearson, 1995). Since 1989, 
TVA has successfully applied EM flowmeters to numemus groundwater investigations. 
Pady because of the successful application of EM borehole flowmeter tests (Young and 
Pearson, 1990; Young, 1990; Molz and Young, 1993), EM borehole flowrneters are proven 
technology and are commercially available. The first portion of this appendUr presents the 
EM fiowmeter design, provides laboratory calibration data, and compares the performance 
characteristics of EM fiometers to those of impeiler and thermal-pulse flowmeters. The 
second portion of the appendix discusses applications of the EM flowmeter and several case 
studies. 
C.2 THE ELECTROMAGNETIC FLOWMETER 
C3.1 Description 
The EM flowrneter coMists of a downhole probe and uphole electronics. The probe 
contains an electromagnet, two electrodes and a buf3er amplifier that are cast in a ceramic 
epoxy within a stainless steel sheil (Figure C.l). The flow passage through the probe is 
cylindrical. A water proof c o ~ e c t o r  on the probe aiIows cables of various lengths to be 
attached. 
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During operation, the e1ectn)magnet creates a magnetic field across the fIow passage. 
As water (the conductor) flows through the magnetic field a voltage gradient is generated. 
The voltage is proportional to the average velocity of the water acrou the magnetic field and 
is detected by the electrodes. Theoreticdy, and as v d e d  by labonitory tests performed at 
the TVA Engineering Laboratory in Nonis, TN, the magnitude of the voltage is d e c t e d  
by the electrical conductivity of the groundwater. 
The uphole electronics provides excitation to the electromagnet, power to the 
amplifier, and converts the probe signal to a flow. Upward flow is g e n d y  designated as 
a positive voltage and downward flow as a negative voltage. Separate fiom the uphole 
electronics, appropriate cornputer software calculates the mean and standard deviation of the 
voltage measurements at the end of a pmxt time intemal, or upon keyboard command. For 
most applications, an appropriate time interval is one minute, with readings taken every 
second. 
EM flowmeters are constructed to fit snugly into 5.25-cm ID wells. A standard 
length is 25 cm, but flowmeters as short as 10 cm have been successfùily used. Short 
flowmeters help to minimize the blockage of horizontal flow and are used where detailed 
measurements are desired. The longer flowmeters can support an infiatable packer assembly 
and are used for testing large-diameter boreholes. 
For wells with inner diameters greater than 5 2 5  cm, a mecMcal  or inflatable packer 
c m  be used to help channel axid flow through the EM flowmeter probe. TVA's mechaniai 
packer consists of a rubber gasket sandwiched between MO plexiglass rings. In large- 
diameter boreholes whose diameter changes with depth, the EM flowmeter is most effective 
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d e n  coupled with an infiatable pack=- Packer inQation can be achieved by injecting water 
either with a pressunzed chamber at the ground d i e  or with a submemble pump placed 
slightiy above the fiowmeter. 
C.2.2 Laborntory Calibration 
EM fiowmeter calibration involves plotting fiowmeter voltage as a fhction of steady 
unifonn flow in a verticaüy-oriented W C  pipe. For consistency, the voltage is correcteci by 
an offset equal to the voltage at zero flow. Figure C 2  povides pre- and post-calibratiom 
fiom several field tests. A desirable feature of the EM flowmeter calibration is linearity over 
a wide fiow range. Linearity means that a the flowxate is directly related to voltage through 
the equation: flowrate = (calibration fa- *(voltage). 
The caliiration factor and range of linearïty for an EM flowmeter is affected by the 
flowmetefs size and magnetic field as weil as the test configuration. Table C. 1 provides 
calibration facton for combinations of two flowmeter sizes, and two packer types in 
differenty sized pipes. The calibration factors in Table C.1 are based on data abbve 
0 .O3 L h i n  and 0.1 L/mh for the 1.27-cm and 2.54-cm flowmeters, respectively. Below 
these respective k t s ,  the correlation between flow and voltage becomes non-linear. 
Laboratory testing has shown the detection Limit - the flow at which a flowmeter provides 
a measurable response - is about 0.005 Wmin and 0.03 Umin for the 1.27-cm and 2.54-cm 
f l o k t e r s ,  respectively. However, TVA has not coliected nifncient data to characterize 
the EM flowmeter capabilities near these very low flows. 
Table C.1 Caiibtation Factors (Literiminhfolt) h m  a regressioii of discharge versus 
voltage for eIectromagnetic fhvmeter data h m  Y o ~ g  et al., (1995a) 
4 
1.27-cm ID 2.54-cmID 
EM Flowmeter EM Flowmeter 
Flowmeter in a 525-cm PVC pipe* 1-32 3.94 
Flowmeter with a mechanical collar in a 10.2-cm 1.38 
PVC 
Flowmeter with an idlatable packer in a 15.4cm 1-46 
PVC pipe* 
* pipe is schedule 40 
Because of the wide range over which the EM flowmeter provides a linear response 
between voltage and flow, most fiowmeter caiiirations c m  be performed quickly as they 
require only a few data points to check the calibration fàctor. MAlthgh an EM fiowmetefs 
voltage caused by flow through the fîowmeter should not change over time or with use, the 
percentage of flow mund the outside of the flowmeter may change for different test set-ups. 
As a resuit, laboratory calibrations should reproduce the physical set-up of the field test as 
much as possible. 
ùi Table C.1, the addition of a packer increases the caiibration fator because a 
packer reduces, and possibly eliminates, fiow around the fiowmeter's exterior. The 
calibration factors are higher for the inflatable packers than for the mechanicd packers (to 
be discussed in next section) because the former provides a better seal than the latter. 
Similarly, because the d e r  ID flowmeter has more flow by-pass than the larger ID 
flowmeter for the no-packer condition, an inflatable packer has a greater effect on the 
calibration factor for the srnalier than for the larger ID flowmeter. 
C.2.3 Field Use 
Two concems with using the EM flowmeter in the field are ambient EM currents and 
fiictional losses through the flowm- probe. -~either of these concems pose a threat to the 
quality of the field data if field personnel take appropriate ptecautions. 
High background EM m a t s  Iead to biased measurements that include unstable 
readhgs with high standard deviatiom. This probIems has occitned at 2 out of approximately 
150 weils tested by TVA with the EM flowmeter. At one of these wells, the problem was 
traced to heavy machinery operating in a nearby building. ih i s  problem was solved by 
testing the weU when the machinery was not in use. For cases where this option would not 
exist, a modification to the exïsting TVA flowmeter design is required Based on limited 
laboratory tests at the W A  Engineering Laboratory, placement of wire rnesh across the 
openings of the flowmeter may help d u c e  or even eliminate problems associated with hi& 
background EM currents. 
High fictional tosses affect the hydraulic head distriiution and, consequently, the 
distribution of flow in a well. Figure C.3 shows frictionai losses associated with different 
EM flowmeters. The selection between EM flowmeters with dinerent inner diameters 
involves a tradwff between irnproved accuracy at low flows for increased fictional Losses 
through the flowmeter. Electromagnetic flowmeters with s m d  diameters are ben for 
measuring ambient flows and for induced flows where large drawdowns are required to 
produce fiow in the range of a few liters per minute. 
C.3 COMPARISONS WITH OTHER FLOWMEXERS 
CJ.1 Impeiier Fiowmeters 
Impelier flowmeters have been used for several decades in the petroleum industry. 
These flowmeters are caii'brated so that the number of impeiier revolutions per time unit 
corresponds to a fiow rate. The irnpeiler is digned by needles that fit snugly into beaOngs 
attached to the main shaft (Figure C.4a). Sensors located near the upper needle bearing track 
the rotation of the impeUer. These sensors are typically optical or magnetic and detect the 
passing of markers positioned in the impder. 
Because of fiictional forces associateci with the impeiier's rotafion, there is a threshold 
velocity beiow which the impeller does not respond. Increased sensitivity of an i m p e k  
flowmeter is gained by decreasing fictional losses by using Iightweight impellers, jeweied 
bearings, and magnetic forces to reduce the contact pressure between the needles and the 
bearings. 
By convention, geophysical companies provide flowmeter specifications in units of 
velocity. The flow range provided by geophysical companies for impeiler flowmeters is 
typicdy fiom 2 to 300 meterimin. Hess (1986) reports impeiler fiowmeters typically can 
m e m e  velocities of 2 metdmin and p a t e r  although some impeiier meters have stalI 
velocities as Iow as 0.6 meters/min. Using the staii velocity and the cross sectional area of 
the weli pipe, one can estimate 1.0 L h i n  as a lowest discharge meanned by most impelier 
fiowméters iu a standard 5.25-cm ID schedule 40 pipe. 
C3.2 Cornpuison Between the EM and Impeüer Flowmeters 
To coiiect impeiler flowmeter data, TVA used a Bowmeter built by Haferland 
Geophysicd, Hanover, Gennany and used by Rehfedt et al., (1989, 1992) and Hess et al., 
(1992). Rehfedt et al., (1989) reported that the practical detection M t  of the HaferIland 
flowmeter was 0.3 Llmin in a 5.25-cm weU A similar mode1 was used by Hufschmeid 
(1986). In cornparison, the Habert impeller flowmeter used by Molz et ai., (1990) bas a 
detection timit near 1 L/& in a 5.25-cm well. 
In July 1988, TVA used the Haferand & p e k  flowmekr at five 52%~ weiis while 
injecting or pumping water at rates of 7.5 to 26 L/min. Figure CS shows the pre- and the 
post-calibrations: a diffaence of about 1 .O Umin e& between the two cafibrations. The 
shift occrnred because of needie-point Wear. The pre-test calibration d t s  were reproduced 
&er the needles were resharpened. Subsequent field testing with the impeller meter did not 
produce shifts as large as those shown in Figure CS. Reduction in calibration degradation 
could be achieved by using lubricants and pumping at flom below 10 L/min. Even with 
these precautions, however, shifts in the flowmeter calibration duhg field use were enough 
to introduce major uncertainties with flow data below 5 LI&. Uniike an impeller 
flowmeter, an EM flowmeter has no moving or adjustable parts so its calibration does not 
shift during field testing. 
Uniike typical laboratory &%ration tests, field tests include horizontal inflows that 
produce a SWiTIing/lateral component to the flow. Large lateral ianows can occur at 
hydraulically-active £ractures or zones of high pemeability. Laboratory tests show that when 
the top of an impeiier flowmeter approaches a laterai Wow, an irnpeller flowmeter can 
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indicate fiow rates as high as 50 patent of the inflow although no fiow is movhg verticdy 
through the flowmeter. These and other similar tests at TVA show that when an impeller 
flowmeter is above and near a zone of lated inflow, an .imjAier flowmeter cm produce 
erroneous resuits that includes an osciiiabry fiow profile and flows greater thaa 200 percent 
ofthe actual flow. Laboratory tests with the EM flowmeter indicate that Swirling flom and 
turbulence has no measufable effect on the EM flowmeter response. Field cornparison 
between the Haferland impeiler and the EM flowmeter has been perfonned at four welis in 
a gravel-and-sand aquifer at Columbus AFB, Mississippi. Young (1990) presents these flow 
profiles, of which one is shown in Figure C.6. In general, the flow pronle for the Mpeiler 
flowmeter included more spatial variabiiity as a result of higher peak flows and regions of 
r 
slightiy negative fiows. Based on the laboratory test results, the difference between the two 
sets of profiles were primarily caused by the adverse effects that IatetaVswiriing hdows have 
on the performance of the impeiler flowmeter. 
~3.3 The Thermal-Pulse Flowmeter 
Thennal-puise flowmeters use a tracer-time principal developed by Dudgeon et al., 
(1975) and enhanced by Hess (1982; 1986). The key components are a resistance-wire 
heating grid and thermistors within a hoiiow, verticdy oriented tube (see Figure C.4b). 
Borehole fluid is heated by electrkaiiy pulsing the heating grid and groundwater flow and 
temper&e changes are rnonitored at a thermistor. Flow rates are calcdated based on the 
tirne between the trigger pulse and the peak response at the thennistoa. 
When combined with a wireline packer, Hess and Paillet (1989) report a measuring 
range between 0.04 to 8 Umin. Becau~e the t h d - p u i s e  flo'wmeter has an inner diameter 
of 4. l-cm (Hess, 1990). this flow range conesponds to a velocity range of 0.03 to 
6 meters/& This velocity range is dso cited by Hess (1990), Hess and PaUet (1989). and 
Mount Sopris, a geophysicd Company that markets thermal-pulse flowmeters. 
CA4 Cornparison Behveen the EM and Thermai-Puise Flowmeters 
To coiiect thermai-pulse fiowmeter data, TVA selected a flowmeter built by Mount 
Sopris, Golden Colorado, The ffowmeter was selected because its construction is similar to 
the USGS thermal-pulse flowmeter. The downhole portion of the flowmeter has a length of 
about 1.2 m and is constnicted such that it cannot be effectively used in 502-cm PVC weils. 
The purpose for leasing the thermal-puise flowrneter was to perfom comparative logging j.n 
uncased boreholes. 
Labomtory tests with the thermal-pulse flowmeter included a check on its sensitivity 
to horizontal idow. Flow measurernents were taken with the inlet of the thermal-pulse 
flowmeter at distances of 1,5,10, and 20 cm above horizontal inflows ranging from 1 to 
4 L/min. For the flow rates tested, the thermal flowmeter provided the same flow (witbin 
TVA measurement error) at al1 distances fiom the horizontal inlet source. The test results 
indicated that like the EM flowmeter, the thermal-pulse flowmeter can accurately pinpoint 
horizontal uiflows. The good performance of the flowmeter is attributed, in part, to a steel 
screen mesh thaî helps to straighten the flow before it contacts the heating grid. 
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A limitation with the Mount Sopris theanal-pulse flowmeter was the la& of an 
inflatabe packer. Calibration tests h transIucent PVC well pipe indicated signincant f i  ow 
by-pass and a relatively pooc fit with the mbber-fkgered type mechnical coilar provided 
with the flowmeta. Replacement of this coiiar with a more ngid mechanical collar used by 
TVA significantiy decreased the flow by-pass and caused an 40 percent increase in the 
calculatecl fl ow. A problem with the more rïgid collar, however, is t h  dthough it performs 
adequately in a fïxeddiameter pipe, it may not perfonn satisfactorily in a borehole with a 
variable diameter. In order to perform an accurate m e y  in a &cased borehole, an idlatable 
packer should be wd Because of a lack of a suitable inflatable packer for the Mount Sopris 
thermal flowmeter, no comparative field fiowmeter tests were conducted with the two 
flowmeters- 
The only set of comparable flow data fiom an borehole fkom a EM and a thermal- 
pulse flowmeter attached to an inflatable packer is fiom borehole FSE-6 at &or Lake, New 
Hampshire (Young et ai., 1994). Although very M a r ,  the flow pronles may not be directly 
comparable because they were performed at different times and for different pumping 
conditions. As should be expected based on the laboratory tests, however, the two sets of 
flow logs suggest that the thermal-pulse and EM flowmeter produce results of comparable 
q d t Y .  
CA5 Final Assessrnent 
EM flowmeters combine the lower detection Iixnit of thed-pulse flowmeters with 
the wide measurement range of impekr flowmeters. They have the desirable properties of 
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king insensitive to turbulence dated with horizontal infiow, and theÏr calibratiom are 
uiiaffeaed by field use. Because of their durable and simple design EM flowmeters can be 
easily decontaminated and adapted with mechanical coiiars or idlatable packers. In 
summary, the EM flowmeters provide the capabilities to make flowmeter tests possible in 
many aquifer and weii types. 
Table C.2 includes important aspects of site characterization that can be partiaily 
addressed by flowmeter testing. Issua rdated to aquifer heterogeneity are particulady 
crucial at sites involving groundwater remediation because remediation systems are often 
based on improper and/or inadequate three-dimensional data (US. EPA, 1990; Haley et al., 
1991). At sites where conditions permit single-weli pump testing, EM flowmeters c m  be 
effective for obtaining three-dimensional data. 
Although flowmeter testhg appears Wght-fornard, collecting and analyzing 
flowmeter data has several potential problems. In most field situations, these problems can 
be avoided with proper field and analysis methods, which are discussed in reports focused 
on flowmeter testing (Rehfieldt et al., 1988; Molz et al., 1990; Young et al., 1995hb). These 
reports explain the assumptions and theories associated with analyzing flowmeter data and 
provide field data a d o r  discussions associated with: dRUing methods, well construction, 
well development, borehole flowmeter calibration, selection of pumps and pumping rate, 
measurement and andysis of well drawdown response, well storage effects, changes in 
ambient flow conditions, statisticd analysis, and quality assurance. 
Table C.2 Gromdwater issues that borehole flowmeter dat. can help resohre' 
Me;asared 
Flow Log Issues Tbat Can be Investigated 
Arnbient - direction of the verticai hydrauiic gradient - cross-comection arnong geological mits intersected by a weli 
- k t u r e  Iocations in bedrock - seepage pathways beneath dams in M c  tenain &or through 
earthen dams 
b p i n g  - Eracture locations in bedrock 
- horizontal hydraulic conductivity values - perfotmaace of underground injection weUs 
- placement of muiti-lay-a monitoring zones 
- zones of high contaminant transport - 
- design of high-capacity water welis 
References documenting case studies Ulvolving these issues are pmvided in this article and 
by Young et al., (1995a) 
The objective of presenting case studies is to demonstrate the utdity of the EM 
flowmeter under a variety of field conditions, flow rates, and groundwater projects. The case 
studies do not explain the data collection andior aaalysis methods. Such detailed is provided 
in the cited references, in Young et al., (1995a), and in recent articles focused on EM 
flowmeter data (Molz et al., 1995; Young, 1995). 
C.4.1 Measurement of the Hydrauüc Conducfivity(K) Values 
The tkst application of the EM flowmeter was in an 11-m unconfined sand-and- 
grave1 aquifer at Columbus Air Force Base (CAFB), Mississippi. The EM flowmeter 
measured the flow profiles at 0.3 1-meter intenais at 37 weils across a 1-Ha test site to obtain 
88 1 measurements of hydraulic conductivity (Young, 1995). Figure C.7 shows areal plots 
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of the depth-averaged l o g o  values for the uppermost and Ioweimost 2 meters of the 
saturateci aquifier. The 54 to 56-m MSL cross section has an incomplete Iogm field because ' 
of a 0.5 to 1 meter channe1 scour in the under1ying clay aquitard. 
The region of high Logo values in the upper aquifer coincides with the suspected 
base ofan abandoneci meander outlined in an aerial photograph. The region of high l o g o  
vaiues in the lower aquifer lie in a 0.5 to Lm scour produced by a former fluvial channel. 
The flowmeter data at Columbus AFB provided sufncient K data to map coarse-grained 
bedload deposits associated with fornier river chamels flou&, 1995). This type of detail 
K data is re-d in order to model solute transport in heterogeneous aquifers. 
C.4.2 Preferential Groundwater Flow in Granuiar Aquifers 
Extensive tlowmeter testiag perfonned at Columbus AFB (Young, 1995); Boggs et 
al., 1992); Rehfeldt et ai., 1992)), is not possible at many sites. in fkt, at the majority of EM 
flowrneter test sites less than seven weiis have been tested. Even with flowmeter data fiom 
just a few weils, the data has been useful for i d e n t - g  preferential fïow zones, estimating 
the spatial variability in hydraulic conductivity, evaluating the site's conceptuai aquifer 
model, andor designing a monitoring and characterization program. A site where a few 
flowmeter tests have helped to improve aquifer characterization is the Sylvester Hazardous 
waste site. 
In 1979, illegal dumping of bazardous waste off Gilson Road (&a the Sylvester 
hazardous waste site) in Nashtm, New Hampshire, lead to a leachate plume over 450-111 wide 
and 33-m deep (Morrison, 1983). Remediation of the Gilson Road site included constmcting 
a bentonite slmy wdl amund the 8-Ha site, cappkg the d â c e  with an impermeable liner, 
and iostalling a pump-and-treat systernr 
In June 1992, EM flowmeter tests were Wormed at monitoring weUs (incïuding 
Weli 3s) and at the three shaüow extraction weUs that fully penetrate glacial deposits 
underlain b y a biotite schist (Young et al., 1994). Figure C.8 suggests that a 0.5 to 1-m zone 
(possibly glacial drift) ofhigh relative K exïsb above a 4 to 5-m zone (possibly glacial tiii) 
of sigdicantly lower K. The flowmeter pronles indicate that the extraction weils may not 
be efficiently removing contamination if the majority of the contamination is in the lower 
aquifer. Clearly, the combination of flowmeter flow profiles dong with chemical pronles 
would be valuable data prior to the design and operation of pump-and-treat recovery systems. 
r 
C.4.3 Preferentiai Groundwater Flow in Bedrock Aqaifers 
Groundwater flow in crystalline bedrocks and limestones/dolostones usually occurs 
primariiy in hchires, bedding planes and solution cavities. EM borehole flowmeter tests 
have successfully identined these important flow zones in sandstone, gneiss, shale, 
Limestone, schist, and granite. At many of these sites, the location of major fjcacture zones 
was apparent fiom the ambient flow logs. 
A site where the ambient flow profle is an useful indicator of hi& permeability 
fiacture zones is Mirror Lake, New Hampshire. Flowmeter meanuements were made in 
three welI with 55-rn screens in a granitic bedrock. The flow profiles for ambient and for 
pumping conditions indicate that only 1 to 2 major fiow zones exist at each of the three 
weils. Figure C.9 shows results for borehole FSE-06. During pumping, approximately 30 
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percent and 65 percent of the total flow origmates h m  depths of 62 and 35 m, respectively. 
During ambient c&ditions, approximately 0.25 Wmin enters the borehole at a dq th  of 35 
m and travels downward to a depth of 62 m before exiting. 
Although the fiowmeter results only identified a few major flow zones at each 
borehole, acoustic televiewer images indicated that numerou ktures intersecteci the 
borehole. This observation suggests that only a few of the available fiactures are responsi'ble 
for the vast majonty ofgroundwater flow. This observation is consistent withthe hding 
of Paüiet et al., (1987), who pafonned thermal-puise flowmetk tests at the Mim,r Lake site 
and the Arizona Fractured Rock Hydrology Research Site near Oracle, Arizona. They 
conclude that "televiewer logs and other geophysical data indicate that the hctures 
intersecting the borehole at the point where most water enters or exits during pumping or 
injection tests are similm to other prominent fkactures that may be penneable, but that do not 
take part in the fiow system." 
Based on the analysis of Paillet et al., (1987), the best model for the fkcture-flow 
system at Mirror Lake and the Oracle test sites are nearly horizontal zones of fiacture 
permeability composed of i n t d g  fkactures that have orientations far diEerent than that 
of the fracture zone. This type of model would requin that flowmeter tests be pdormed in 
order to properly characterize a site. Unlike crystalline bedrock, karstic bedrocks consisting 
of limestonddolostone may have flow concentrated within a single solution cavity or 
weathcked zone across very long distances. 
At many of its facilities and also at the Oak Ridge National Laboratory (ORNL) 
(Moore and Young, 1992), TVA has discovered zones of relatively high permeability near 
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the contact between M c  bedrock and the overburden. These zones consist of a mixture 
of overburden material and highiy weathered bedrock A case study ihstrating the 
importance of preferential flow in karstic bedrock imrolves the TVA's En .nmen ta i  
Research Center WC). ERC is located on a 1,050 Ha site between the northern city limits 
of Muscle Shoais Alabama, and the Temessee River. The reservation is apprortimately 6 
km fiom a 1.8 m3/s spring that serves as a drinking water supply. Dye trscing stuâies across 
and smthwest of ERC indicate groundwater velocities of up to 335 mlday and H 3 O O  d d a y  
(Julian et al., 1993). 
Across the ERC site, flowmeter tests were perfomed in wells screened in the 
overburden, which is approximately 18 m thick, and in boreholes screened near the 
overburdenkdrock contact. At the five boreholes near the overburdedbedrock contact, the 
screened area included both the bedrock and a portion of the bedrock/overburden contact 
Drilling conditions required that immediately above the top of rock (as established by auger 
refisal), solid casing and grout be used (see Figure C.lO). EM flowmeter tests in the 
boreholes indicated that almost all of the water pumped fiom the wells orïginated fiom the 
weathered zone. 
Figure C.10 provides EM flowmeter logs h m  three boreholes at ERC. Julian et al., 
(1993) and Young and Julian (1991) show that the weathered zone is at Least 100 to 
1000 times more pemeability than either the residual clays above or the solid Limestone 
bedrock below. The flowmeter tests indicate that the majority of regional flow toward the 
domestic spring may occur within a relatively narrow zone near the overbtudedbedrock 
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contact This observation has several implications incLuding the prudence of monitoring 
groundwater quality below a possible weathered zone and only within soiid bedmck. 
C.4.4 Monitoring of Preferentul Groundwater Flow Zones 
At the Oak Ridge National Laboratory(0RNL) Reservatioq ORNLrrVA has 
flowmetered boreholes up to 400 m deep to help locate rnultiport monitoring systems as 
described by Dreier et al., (1992) and Dreia and Cal- (1994). The borehotes intersect 
moderately to steeply dipping, fbctmed and fkdted strata composed of dolostone, limestone, 
siltstone, or shale. On the basis of these flowmeter logs, geophysical logs, and vinial 
inspection of continuous core sarnples, ORNL has selectively iastalled 8 to 12 sampling 
zones, 3 to 7.6 m long, in order to monitoc (1) fluids h m  hydrauiicaily condudive k t u r e s  
or h t u r e  zones; (2) matrix fluids with long residence times, (3) fluids that may show water 
chemistry signatures with a particular rock type; andor, (4) fiuids that rnay show changes in 
water chemistry with depth. 
At most of the boreholes, geophysical logging included d p e r  deviation, natural 
gamma, fluid resistivity, stream potentid, long-short-nomial resistivity, full wavefom sonic, 
and temperature. Figure C.11 provides the redts of the fluid resistivity and flowmeter 
log-the most useful for ident-g hydraulicaily active features according to Dreier and 
Caldanaro, (1994)-dong with the selected zones for monitoring at one of the tested 
boreholes. 
CS SUMZMARY 
Knowledge of aquifer spatial variab'rlity is important to aquifer characterization and 
remediation. Borehole flowmeter tests can help identify preferential flow zones in graaular 
and bedrock quifers. A prîmary reason for the lack of borehole flowmeter tests in the 
grouudwater industry has been the scarcity of suitable flowmeters. Desirable fbwmeter 
characteristics include a low detectîon iirnit, a large dynamic range, good accuracy, and 
reliable performance. The recentiy developed EM flowmeter provides the capability to 
perform flowmeter tests in the vast majority of wefi types and geologic settings and should 




Figure C. 1 Illustrations of the electromagnetic fiowrneter probe: 
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Figure CI Pre- and post-calibration data associated with field testing of the 
electromagnetic flowmeter in a 5.25-cm weil: (a) flowmeter with 1.27-cm ID; 
and, (b) flowmeter with 2.54-cm ID (fiom Young et al., 1995) 
Figure C.3 
Flow (Umin) 
Measured fiictional losses caused by c b e l i n g  ff ow h m  a 525-cm ID weli 
into EM flowmeters. 
Figure C.4 111ussations of flow probes used in: (a) imfler flowmeters; anci, @) thetmal- 
pulse flowmeters. 
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Figure CS Impeiler flowmeter calfiration before and after fieid testing five weli at 
Columbus- A m ,  Mississippi (nom Young and Waldrop, 1989). 
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Figure C.6 Meantred discharges by the electromagnetic and the impeller flowmetea at 
two weUs located in a sand-and-grave1 aquifer at Columbus AFB, Mississippi 
(fioom Young, 1990). 
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Figure C.7 Depth-averaged hydraulic conductivity values for the lowemioa (lefi) and the 
uppermost (right) 2 meters of an fluival aquifer at a 1-Ha test site at 
Columbus AFB, Mississippi (fiom Young, 1995). 
Figure C.8 Net differential flow distributions fiom pumping in glacial tiN and stratified 
drift deposits at the Sylvester hazardous waste site in Nashua, NH (nom 
Young et al., 1994). 
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Figure C.9 Ambient and pumping flow distributions 
for borehole FSE-6 installed a granitic dike 
near Mirror Lake, New Hampshire (from 
Young et al., 1994). 
Figure C. 10 Incremental flow distributions induied by 
pumping wells screened across limestone 
bedrock and a weathered zone above 
bedrock at TVA's Environmental Research 
Center in Muscle Shoals, Alabama (fiom 
Julian et al., 1993). a 
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Figure C. 1 1 Fluid resistivity and EM flowmeter logs for a borehole screened across shale 
at the Oak Ridge Nationai Laboratory, Oak Ridge, TN (fiom Dreier and 
Caldanaro, 1 994). 
APPENDIX D 
BOREHOLE F'LOWMETER K PROFILES FROM COLUMBUS AFB 
WELLS 
Figure D. 1 Vertical profiles of hydraulic conductivity for Wells 1 - 15. 
Figure D.2 Verticai profiles of hydraulic conductivity for Wells 16 - 30. 
Figure D.3 Vertical pronles of hydraulic conductivity for Weiis 3 1 - 36. 
APPENDIXE 
RECIRCULGTING TRACER TESTS AT THE 1-Ha TEST SITE 
# 
E.1 CONCERNS WITH PERFORMING RECIRCULGTING TRACER TESTS 
The complex and heterogeneous hydrauiic condUC6Vity field at the site poses s e v d  
problems associated with the monito~g and the interpretation of the three-dimensional 
tracer concentration data. Monitoring of the three-dimensional tracer concentrations is 
complicated by the large vertical hydraulic gradients. These vertical gradients can cause 
mixing of the tracer concentration h n t s  near the weL 
Figure E. 1 illutrates how the disnirbed zone around the multilevel samplers 
insral1 at the MADE site could lead to rnïxhg of the concentration fionts near the weii 
installation. This mWng prevents muitilevel samplers fiom obtauling representative 
groundwater samples fiom specinc elevations in the aquifer- The fact that some type of 
vertical mixing could occur in the annulus of the welis was demonstrated by a senes of 
SmaU-de tracer tests in the annulus of the wells by Boggs et al. (1 989). As discussed by 
Young and Boggs (1989), mixîng in the weU annulus has adversely af5ected the 
representativeness of the groundwater samples nom the multilevel samplers. 
E.2 TRACER TEST SET-UP 
E.2.1 Trace*) 
Chloride and bromide were selected as tracers because: (1) they are beiieved to be 
consemative tracers (Betson et al., 1985); .(î) their background concentrations are relatively 
low; (3) theu relative concentrations c a ~  be measiired quickly and accurately in the field with 
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an electrical conductivity meter; and, (4) their absolute concenmtions can be measured 
reiikively quickly and accurately in the laboratory with specific-ion probes. 
E.2.2 The Flow Field 
For the tracer tests, the groundwater flow patterns were controlled by injection and 
withdrawal wells. In order to mimic flow fields used in biorecIamation activities, the 
groundwater was recirculated nom the withdrawai welis to the injection wei.i(s). For each 
tracer test, accurate measuements of water table Ieveis i d  fIow rates were made to 
determine when the hydraulic pressure field stabilized, Once quasi-steady-state flow 
conditions were acbieved, the tracer solution was injecte& 
E.23 Monitoring Approach and Equipment 
Because of concerns about the performance of the MADE multilevel sampiers, none 
of these type of sampIers were installed around the wells. Instead, a procedure developed to 
rnonitor three-dimensional tracer flux inside the weiis usuig the borehole fiowmeter and 
multilevel samplers (Figure E.2). The procedure focuses on taking concentration and 
groundwater flow measurements at the same elevations in a well. Because both the tracer 
concentration and the vertical groundwater flow at designated elevations are known, the 
amount of tracer mass entering the designated layers can be calculated 
Figures E.3 and E.4 show the multiIeve1 samplers placed inside the tracer injection 
wells and withdrawal wells, respectively. During the tracer test, groundwater samples were 
collected simultaneously fkom ail sampling tubes by using penstaltic pumps. In order to 
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avoid problems with sample collection, ail of the sample tubing and peristaltic pump 
connections were color coded. As shown in Figure E.4, two sarnples were coilected at each 
elevation of the withdrawal weiis. At the dace ,  these two samples were mixed into a 
single composite sample. 
For each tracer test, two sets of borehole flowmeter measurements were taken. The 
nrst set of measurements was taken after the steady-state flow field had been established but 
before the tracer was injected. The second set of measurements was taken after the last set 
of groudwater samples was collected fiom the multilevel &unplers. For the purpose of 
characterizing the flow field during the tracer test, the flow rates nom the two &ta sets were 
averaged. 
, 
E.2.4 The Location and Number of Tracer Tests 
Several tracer tests are required to independently evaluate the K profile h m  borehole 
flowmeter tests. in order to collect as much inforniaton as possible about solute transport 
in the aquifer, small-scale (3-5 meten), intemiediate-sde (7-15 meters), and large-scde (3 1 
meters) tracer tests were conducted. Figure ES shows the locations of the injection and the 
withdrawal wells for all of the tracer tests. 
E25 Type of Tracer Injection 
.In order to conduct ail of the tracer tests in a timely and cost-effective manner, the 
tracer solutions were introduced as a puise. The advantages of a h i t e  duration instead of 
a continuous tracer injection include the following: (1) a better tracer breakthrough curve 
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for calculaihg the average velocity of the aacet; (2) 10- corn; (3) minimum con- - * on 
of the m e r ;  and (4) a lower risk ofmss-contamination between the different e t r a c e r  tests. 
A possible disadvantage of a nnite duration test is that an inadequate amount of tracer may 
be added to provide a well-defineci breakthrough c w e .  
E.2.6 Surface Piping Network 
Figure E.6 presents a general schernatic of the piping system used to regulate the 
pumping of water fkom the withdrawal welis to the injection wells. The system is designed 
to accommodate up to four injection wells, four withdrawal wells, and tbree tracer tanks. 
The piping arrangement provided the capability to conduct several tracer tests 
simuitaueously. In order to monitor the flow through the pipes, numerous rotameters were 
ùistalled in-line to provide quick visual checks of the flow rates. 
As shown in Figure E.6, the piping arrangement permits pumping h m  the tracer tank 
to the injection wells while another tracer tank is filied. During the staa of the tracer tests, 
the tracer solution was pumped h m  the &a tanks to the injection weLis. AAer the tracer 
slug was injected, the groundwater was then pumped directly nom the withdrawal wells to 
the injection weils. 
E.3 DESCRIPTION OF IFIVE RECIRCULATING TRACER TESTS 
E3.1 Tracer Test 1 
Tracer Test 1 included pumping Weiis 5,13,14, and 1 9 at approximately 9.5 L/mh 
and injecting the total discharge into Weil 16. The pumping began at 1552 on August 29 and 
386 
the initial borehole flowmeter smey was condrscted at aU of the withdrawai weUs on August 
30 fiom approximately 1050 to 1550. On August 3 1 fiom 0000 to 0047, a tracer slug of 
lJ8 I liters of 800 ppm bromide solution was injected into Weil 16. Gioundwater samples 
were collected at 0.6-meter vertical intwals h m  the withdrawal weiis for about 7 hours 
after the tracer rnid-point of the tracer injection A nnal borehole flowmeter m e y  of ail  the 
welis was conducted on August 3 1 60m 1355 to 1740. 
E.3.2 Tracer Test 2 
Tracer Test 2 included pumping Wells 8,lO, 24, and 25 at approximately 7.6 Umin 
and injecting the total discharge into Well 12. The pumping began at 001 5 on September 1 
and the initial borehole flowmeter survey was conducted at ali  of the withdrawal weils on 
September 1 h m  approxhately 0840 to 1433. A slug of 4,077 liters of 800 ppm bromide 
solution was injected into Weii 12 fiom 2330 on September 1 to 0145 on September 2. 
Groundwater sarnples were coiiected at O.6-meter vertical intervals fiom the withdrawal 
wells for about 26 hours after the tracer mid-point of the tracer injection. A nnal borehole 
flowrneter m e y  of ail the wells was conducted on September 2 nom 0840 to 1650. 
E 3 3  Tracer Test 3 
Tracer Test 3 was designed to simulate three recirculating doubiet tests. The 
withdrawal wells were Wells 2, 1 1, and 17; the injection wells were Wells 18,20, and 21. 
Figure E.6 shows the weli locations and Table 14 provides the approximate pumping or 
injecting rates for each weli. The initial borehole flowmeter survey was conducted at 
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Welis 2,11, and 17 on September 4 k m  0920 to 1415. A slug of 7,712 liters of 800 ppm 
bromide solution was p'artitioned into all three injection welis in amoimts proportional to 
their respective flow rates between 2230 on September 4 and 0200 on September 5. 
Groundwater samples were coiiected at O-6-meter vertical intervais k m  the withdrawai 
wells for about 34 hom. A niial borehole flowmeter m y  of ail of the wells was 
conducted fiom 1 1 15 to 22 15 on September 6, 
E.3.4 Tracer Test 4 
Tracer Test 4 was designed to simulate four recircdating doublet tests. The 
withdrawal welb were Wells 1,3,7, and 9; the injection wek were Wells 30,26,32, and 3 1. 
Table 14 provides the approxhnate pumping or injection rate for each weU. The pumping 
began at 0500 on September 8 and the initiai borehole flowmeter nirvey was conducted at 
al1 of the withdrawal welis fiom 1805 to 2250 on September 8. A slug of 14,559 Liters of 
1200 ppm bromide solution was partitioned into aü three injection wels in arnounts 
proportional to their respective flow rates between 1840 and 2120 on September 9. 
Groundwater samples were coliected at 0.6-meter vertical intervals nom the withdrawal 
weils for about 50 hours. The final borehole flowmeter s w e y  was conducted at Weils 3, 
26,32,30,3 1, and 7 on September 12 fiom 0905 to 1930. The final borehole flowmeter 
survey was conducted at Weils 9 and 1 nom 0830 to 1026 on September 13. 
E3.S Tracer Test 5 
Tracer Test 5 included pumping WelIs 1,3,7, and 9 at approramately 26.5 Umin and 
injecting the total discharge of 106 Umin into Weii 5. The pumping began at 1330 on 
September 13. The injection of 2138 Liters occiimd between 1130 and 1450 on 
September 14. No initial borehole flowmeter survey was conducted before the tracer 
injection. Thmughout the entire tracer test groundwater samples were taken h m  most of the 
27 wells with the type of multilevel sampler shown in Figure ES. During the tracer test, 
borehole flowmeter surveys were conducted in the monitoring weils. Tracer Test 5 lasted 
for approximately 170 houn and ended on September 21 at 0900. 
E.4 RES'ZTLTS FROM TRACER TESTS 1 TO 4 
E.4.1 Data Presentation 
Important data for each tracer test includes the water table elevations, the verticai 
distributon ofgmundwater flow at the wek, and the vertical distribution of the tracer flux 
and concentration at each of the withdrawai wells. For purposes of data analysis, the tirne- 
required to reach the peak concentration at a weii represents the time for the middle of the 
tracer pulse to reach the well. 
To estimate this K values nom the tracer tests, horizontal grodwater flow is 
presumed. With this presumption, Equation E. 1 can be used to calculated a lower K value 
for thesaquifer intervals with the tracer breaktbrough data. In Equation E.l, R is easily 
measured and tp is estimated h m  the tracer breakthrough curves. The value of Jt m o t  be 
measured. However, because a tracer particle spends proportiody more time in the regions 
of low gradients (near the midpoint oftwo wek) than of high gradients (near each weU), an 
upper bound for Jt is Js. In solving Equation E-1, Js was used for Jt. The vaiue for JS was 
calcuiated from the constant water table elevations at the injection weil and at the appropriate 
withdra .  weU. The effective porosity q was set to 0.3 based on resdts of 84 mtnimall . C Y- 
disturbed soi1 cores h m  the nearby MADE site (Boggs et aL, 1992). 
where: K = lower bound for the average hydraulic conductivity of the aquifer zone of 
tracer transport 
R = distance between the weiis 
tp = time of peak tracer concentration (note: tp is greater than the tune mquired 
for a tracer particle to move between the two welis dong the shortest 
streamline) 
q = effective porosity 
Jt = the average spatial horizontal hydraulic gradient, Js, expenenced by a tracer 
particle. In a UIUfonn flow field, Jt = Js. For a converging or diverging flow 
field, an upper bound for Jt is Js. 
E.4.2 Tracer Test 1 
In Figure E.7 al l  of the wells except for Weil 5 have very similar vertical distributions 
of groundwater flows. The similar patterns indicate that Weils 13, 14, 16, and 19 intenect 
the ioterconnected lenses of relative high K at elevations near 56 and 59 m MSL. The profile 
for WeU 5 provides no evidence ofa high hydraulic conductivity lem at any depth. The two 
profiles most similar that are those for Weils 16 and 19. The high amount of similarity of 
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weil locations 16 and 19 may have occuned because they are aügned dong the leases of- 
hydraulic conducfivity. / 
Figure E.8 shows that for Welis 13, 14, and 19, the tracer slug was advected most 
rapidly two aquifer lenses located near 56 and 59 m MSL. At some locations the ascending 
portion of the breakthrough cunre was missed It is of interest to note that each of the wells 
show slightly different results. At WeU 19, most of the tracer artives fiom the lower lem. 
At WeIl14, most of the tracer arrives h m  the higher lem. At Weil 13, similar amou11ts of 
tracer anives fiom the upper and the lower lenses. 
Table E.1 compares these values and the borehole flowmeter resuits. Because the 
groundwater is travehg fiom the injection well to the withdrawal weU, the hydraulic 
conductivity value calculated fiom the tracer test should be compared to both the borehole 
flowmeter results at the injection and the withdrawai weil. In general, favorable agreement 
was obtained between the two sets of hydraulic conductivity values. 
E.4.2 Tracer Test 2 
Figure E.9 shows that each of the wells has a zone of relatively high hydraulic 
conductivity near elevation 61 m MSL. In general, ail of the profiles, with the possible 
exception of Well8, exhibit simiIar flow patterns. Figure E.10 shows that at for ail of the 
wells, the majority of rapid tracer transport occurred above 58 m MSL. At WeiI 10, the zone 
of primary tracer transport is located at an elevation near 60 m MSL but a smaiier arnount 
of tracer transport did occur at the lower elevation of 57 m MSL. The profile for Weli 24 
does not show any tracer transport at elevations higher than 58 m MSL. Based on 
F i g w  E.9, one might expect a zone of high tracer transport at an elevation of about 
6 1 m MSL. However, the sampling ports were not positioned high inou& in this weU to 
confimi the expected trend, Table E 2  compares these values and the borehoIe flowmeter 
redis.  
Table E.1 Cornparison of hydrauiic conductivity values h m  the borehole 
fiowmeter and Tracer Test 1 
'From Equation 5 
'WeLI W is withdrawal weU, Weii X is injection Weii 16, K is taken fiom Figures 30-32 
Table E.2 Cornparison of hydraalic conductivity values fkom the bonhole 
'From Equation 5 
' ~ e l l  W is withdrawai weii? Weil 1 is injection WeU 12, K is taken h m  Figures 30-32 
E.43 Tracer Test 3 
Figure E.11 shows the vertical distriiution of grotmdwater flow for three doublet 
tests. AU of the paired flow profiles show noticeable differences. Weiis 2 and 18 have very 
different pronles below 59 m MSL. Whereas WeU 21 has most of its flow located in zones 
above 59 m MSL, WeIi 17 has rnost of its flow located in zones below 59 m MSL. Below 
61 m MSL, the high flow zones at Weil 11 matches up with the low flow zones at Weii 20. 
The merences in the flow profiles at the paired weIls indicate that the transport of tracer 
between the weîis did not occur within contiguou horizontal leoses. 
Figure E.12 shows well defhed tracer flux breakthrough curves for Wells 2, 11, 
and 17. For both Wells 2 and 11, the plots show that the primary zone of tracer transport is 
near 59 m MSL. For Weii 17 no information is shown for elevations above 59 m MSL 
because above 59 m MSL there were problems with the tracer test data. Table E.3 shows an 
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agreement at Wells 17 and 1 1. At Weil 2, the hydraulic conductivity values h m  the tracer 
test is about one-fourth of the hydraulic conductivity derived fkom the borehole flowmeter 
tests- 
Table E.3 Cornparison of hydrauiic conductinty values from the borehole 
flowmeter and tracer test 3 
'From Equation 5 
'WeU W is withdrawal well, Weil 1 is the respective injection well, K is taken fiom . 
Figures 30-32 
E.4.9 Tracer Test 4 
Figure E. 13 shows that the similar flow pronles were for Wells 26 and 3. The pronle 
cornparisons for the other weIl pairs, however, are poor and indicate that very few, if any, 
lenses are common to both the injection and the withdrawal weiis. Figure E.14 shows the 
tracer breaktbrough curves for Weils 3.7, and 9. No data is presented for Weil 1 because no 
tracer breakfhrough cuves were observed fig 40 at the well. At WeU 3, the primary zone of 
tracer tramport was near 60 m MSL. At Wells 7 and 9 tracer transpoa occurred primarily 
near 59 m MSL and near 55 m MSL. One should note that although both Weils 7 and 9 have 
394 
lenses of high conductivity located near the same elevations, th- is an important différence 
between these lenses at the wells. At WeU 7, the transport is fastest in the aquifer leme(s) 
near 55 m MSL, whereas at WeiI 13, the transport is fastest in the aquifér lense(s) near 
59 m MSL. Table E.4 compares these values and the borehole flowmeter redts. These 
comparisom vary h m  good (WeU 3) to poor (Weil 1). 
ES RESULTS FOR TRACER TEST 5 
- 
ES.1 Data Presentation 
The major concern about the design of the large-de tracer test was the potential for 
cross-contamination problems caused by the wells located between the injection and the 
withdrawai weils. One of the reasom that the cross-con tamlliaton problems was considered 
manageable is that the weils oniy intersect IO-' percent of the m e r .  Because 
croswontamination would occur in only a rdatively small volume, any cross-contamination 
between the aquifer layers would quickly dissipate with distance from the weN and have a 
minor effect on the tracer profiles in downgradient w&. Because potentid cross-conta- 
mination problems were a concem, groundwater samples were not taken fiom weils located 
in the immediate downgradient vicinity of a weli. For this m o n ,  di of the 27 intenor weils 
were sampled except for Wells 14, 1 5, 19, 12, and 24. 
Table EA Cornparison of hydraaüc conductivity vdues nbm the borehole 
flowmeter and tracer test 4 
Twcer Fiowmetei" Withdrawal ELEV R Time V 
Weii (ml Cm) (min) (cd-) J wellw WeUI 
K(cdS) K(cds) K(cm/s) 
'From Equation 5 
2WeU W is withdrawal weil, WeU 1 is injection weli, K is taken nom Figures 30-32 
3average values 
Besides causing cross-contamination between aquifer layers, the vertical f b v s  in the 
fully-screened wells were of concern. The mixing in a weil could cause problerns with 
interpreting the tracer pmflles at that l&tion. Because of this potentiai problem, the vertical 
flow pronte in each weii was logged during the tracer test. The flow pronles in the majority 
of the 27 interior welis had profles similar to the examples shown in Figure E. 1 S. In 
Figure E. 15 the flow profiles have unidirectional flows that are less than -4 L/min. At every 
weli, flow measurements were taken at 0.3-m increments. At selected wells, gmuudwater 
samples were taken at 0.6-m increments. 
Although Figure E. 15 cannot be used to determine the actual tracer concentrations 
in the aquifer at each elevation because the horizontal rate of groundwater flow through the 
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well is &OWII, one can estimate h m  the data the elevatÏon in the aquifer at which the 
tracer concentraîions are highest and the tirne at whieh the peak concentration occurs in the 
E.5.2 Water Table Elwations 
Table ES provides the temporal variations ofthe hydraulic gradients across the entire 
test area for the tracer test. The data indicates tbat the apu i fe is  hydraulic gradients were 
constant during the total tracer test. Figure 4.5 in the chapter 4 shows the piezometric 
contours, which indicate that the aquifer material is considerably less resistant to 
groundwater flow toward WeUs 3 and 7, than toward Wells 1 and 9. 
* 
E.5.3 Tracer Concentrations 
As the e s t  haif of the groundwater samples were being measured for chloride, 
problems occurred with adjusthg and maintaining the calibration of the specific ion probes. 
The problems became more fiequent and severe untii the chloride probes were replaced 
midway through the chloride measurements. Because the accuracy of this portion of the 
chloride data was questionable, the electrical conductivity measurements were used to define 
the shape of the tracer brealahcough cuve. AU of the designated monitoring wells were 
sampled periodically throughout the duration of the test except for Wells 32 and 7. 
Unfortunately, the weiis were sampled on a regular schedule only until60 hours into the 
tracer test. Aftet 60 hours, tracer breakthrough had not begun at WeU 32 nor 7. Before the 
test ended, tracer breakthrougbs were observed at ail other wells except for WeUs 1, 9,8, 
397 
and 4. At 15 of the interior wells, tracer brealdhrough c u ~ e s  were observed. Each of these 
weUs had a tracefmovement above 58 m MSL. Weiis 17,21,25,20, and 11 had multiple 
tracer breakthrough cwes .  Each of these five weiis had a breakthrough cuve before 
56 m MSL. 
Figure 4.5 in Chapter 4 shaws the distn'bution of tirnes for peak tracer concentrations 
at the monitoring weils. The resuits suggest that the tracer movement primarily occurs in the 
upper third of the aquifer. The preferred direction is toward Weiis 3,2, and 6. No tracer 
breakthrough c m e s  were observed der 165 hours at Wells 4 and 8 (which mirror Weiis 2 
and 6, and at Wells 1 and 9, which were withdrawal welIs). The skewed distribution of the 
tracer movement to the northwest indicates that extreme aquifer heterogeneity exists. 
TabIe E J Hydraalic gradients caicuiated between the monitoring weii and the injection well 
Date: 9/13/ 91141 9/14/ 9/19 9/17/ 9/18/ 9/19/ 9 I W  
Time: 20:OO 00:Ol 04:00 18:30 10:lO 1500 09:4S 17~20 
37 m. 
NM - No Measurement 
FLOW - TRACER CONCENTRATlON FROM 
MULTIEVEL SAMPLERS 
MULTILNU, DISNRBED 
SAMpuNGMLL - ZONE - 
FLOW - TRACER CONCENTRATION FROM 
MULIILEVEL SAM PLERS 





FM FLOWMETER O 
ROTAMETER (VISUAL LOCATION FOR INYNE 
INSPECTIONALFLOWRATE) - SAMPUNG 
~ 1 1  TT : TRACER TANK 
@ FLOW RATE VALUE W W : WITHDRAW WELL 
I W : INJECTION W E U  -- 
Figure E.6 Setup for the tracer injection and recirculation of gmundwater fiom the 




Figure E. 13 Groundwater flow patterns at Wells 1 , 3 ,  
7,9,26, and 30,3  1 ,  and 32 during Tracer 
lest 4, 
Figure E. 14 Tracer concentration patterns at Wells 3, 
7, and 9 during Tracer Test 4. t 
Figure E. 15 Examples of vertical groundwater flow in weils during Tracer Test 5. 
